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ABSTRACT 
The Integration of Principles of Motor Learning to Reduce Gait Asymmetry Using a Novel 
Robotic Device in Individuals Chronically Post-Stroke 
Lauri Bishop 
 
 Unilateral deficits resulting from stroke manifest as reduced velocity, decreased cadence 
and asymmetries in temporal, spatial and force parameters during ambulation.   Gait asymmetries 
and compensatory strategies employed during gait result in a higher mechanical energy cost that 
limits activity and community participation.  Despite conventional rehabilitation efforts, 
individuals often remain with chronic gait deficits after stroke.  Robotic-based therapies have 
been developed as an alternative to conventional rehabilitation.  These therapies offer the means 
to provide task-specific training at an intensity greater than that of conventional approaches; 
however, to date outcomes have been similar to that of conventional training.  One factor 
potentially contributing to the limited efficacy of robotic training is the active-assist control 
strategy that is often employed.  This type of training strategy reduces the users’ engagement in 
the learning process and limits skilled learning.   
The tethered pelvic assist device (TPAD) is a robotic device that employs actuated tethers 
at the pelvis to guide the user along a pre-set movement trajectory.  While other robotic devices 
restrict movement to a fixed trajectory, the TPAD promotes shifting weight onto the paretic limb, 
but permits users to freely move the limb to navigate spatiotemporal aspects of training 
independently. This allows individuals to participate in the problem-solving process required for 
motor learning to occur, facilitating a more active role in the motor task itself, and thus 
promoting learning. 
	Earlier work utilized the TPAD to reduce gait asymmetry in a population of individuals 
in the chronic phase after stroke in a single training session (Bishop et al., 2015; Vashista, 2015).  
Results demonstrated an increase in propulsive forces of the affected limb as a result of the 
intervention, but these gains did not transfer to overground gait.  A follow up study explored the 
feasibility and efficacy of two different training strategies using the TPAD (Bishop et al., 2017).  
Both training strategies proved feasible and similarly efficacious.  The current work examines 
the feasibility and preliminary efficacy of a five-day intervention using the TPAD with faded 
visual feedback and a short bout of task-specific overground training to reduce gait asymmetry in 
a population of individuals at least six months after stroke.   
Participants underwent a series of three Pre Test assessments within a one-week interval 
prior to initiating the intervention.  Training occurred over five consecutive days, with a Post 
Test assessment administered on conclusion of Day 5 of training.  A one-week Follow Up 
assessment was also recorded.  Results demonstrated this intervention coupling TPAD training 
with additional tenets of motor learning including visual feedback and salient task-specific 
overground training was feasible in terms of safety, tolerance and adherence.  Further, while 
participant’s load asymmetry was not significantly reduced on the treadmill from Baseline to 
Post Training (p >0.05), there was a significant improvement in stance symmetry during 
overground gait (F = 8.498, p = 0.002).  These results suggest that the integration of motor 
learning tenets with robotic TPAD training was useful in facilitating gains to overground 
walking.  Implications to the broader scope of robotic training suggest that creating an 
environment in which the user plays a more active role is useful at maximizing effects of robotic 
training.   Future work should include comparison groups (TPAD treadmill training, overground 
training, and combined TPAD and overground training) with a more robust sample size for a 
	longer duration of training to parse out contributing factors to overground gains.  Future work 
should also consider a longer training and follow up interval in an effort to determine whether 
individuals are able to maintain improvements longer than the immediate post training period.  
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I.  Introduction 
1.1  Introduction 
Stroke is a leading cause of disability worldwide and projections indicate that the 
prevalence of stroke will continue to rise (Mozaffarian et al., 2016).  Animal and human models 
of stroke highlight the need for intensive, task specific practice to remediate deficits associated 
with stroke (Krakauer, Carmichael, Corbett, & Wittenberg, 2012; Nudo, 2013).   Current 
rehabilitation models focus primarily on promoting functional independence, and as a result can 
reinforce the development and practice of compensatory strategies that potentially limit long-
term recovery of skilled movement (Huang & Krakauer, 2009; Kitago & Krakauer, 2013; 
Krakauer et al., 2012).  While gains are made with rehabilitation efforts in the initial post stroke 
period, many individuals are left with residual deficits and approximately 31% of individuals 
continue to seek outpatient rehabilitation services.  Clinical practice guidelines recommend 
follow up outpatient services to continue rehabilitation after the completion of inpatient efforts as 
clinically needed (Winstein et al., 2016).  This low estimate suggests that more individuals 
would benefit from outpatient rehabilitation if clinical practice guidelines were followed 
(Mozaffarian et al., 2016).  More importantly, this data highlights that current treatment models, 
while useful at restoring some function, are insufficient in eliminating residual impairments in 
persons affected by stroke.  Thus, many individuals remain with deficits that limit activity and 
community participation, and alternative approaches should be explored.  
Both animal and human research demonstrate the potential for skilled learning and motor 
recovery after cortical stroke; however, the extent of potential recovery remains unclear (Kitago 
& Krakauer, 2013; Nudo, 2013).  Skilled learning is defined here as the ability to perform a 
motor task smoothly, consistently and efficiently and the ability to adapt the task to different 
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environments (Krakauer, 2006; Muratori, Lamberg, Quinn, & Duff, 2013; Nudo, 2013).  Key 
tenets that contribute to learning include the intensity of practice, feedback, and the specificity 
and salience of the practice task to maximize generalizability.  Further, and perhaps the most 
critical component that contributes to motor skill learning is the involvement of the learner in 
performing and practicing the motor task (Schmidt, 1991; Winstein & Kay, 2015; Winstein, 
Pohl, & Lewthwaite, 1994; Wulf & Lewthwaite, 2016).  Learning is maximized when the learner 
is engaged in the learning process.  Additionally, the design of the environment, the amount of 
practice, the modulation of feedback, the specificity of the task practiced should ideally be 
designed to exploit this engagement.     
Common impairments of gait after stroke include reduced velocity and asymmetries in 
both load force and spatiotemporal parameters between the paretic and non-paretic limbs 
(Balaban & Tok, 2014; G Chen, Patten, Kothari, & Zajac, 2005b; Hendrickson, Patterson, 
Inness, McIlroy, & Mansfield, 2014; Olney & Richards, 1996; K. Patterson et al., 2008).  
Traditional therapy models include stretching, strengthening and task specific training provided 
by a physical or occupational therapist that reduce gait impairments after stroke.  Robotic-based 
therapies have been used as an adjunct or alternative to traditional care models to increase gait 
velocity and improve symmetry in individuals after stroke.  These robotic therapies have the 
capacity to offer a training at a higher intensity and with a greater precision than traditional care 
models and potentially yield greater gains (Hesse, Konrad, & Uhlenbrock, 1999; Huang & 
Krakauer, 2009), yet to date, outcomes of this training have not proven to be more efficacious 
than traditional care (Duncan et al., 2011; Middleton et al., 2014; Moseley, Stark, Cameron, & 
Pollock, 2005).  This is potentially due to control mechanisms used in robotic therapies that limit 
the users’ interaction with the environment and the inadequate optimization of motor learning 
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tenets, such as feedback and salient, specific environmental practice that promote carryover to 
overground walking.   
The Tethered Pelvic Assist Device (TPAD) has been developed by researchers at 
Columbia University to study gait retraining on a treadmill (Vashista, Agrawal, Shaharudin, 
Reisman, & Agrawal, 2013; Vashista, Reisman, & Agrawal, 2013). The TPAD is a novel cable-
driven robotic device that applies external forces on the pelvis through a series of actuated 
tethers attached to a pelvic belt during gait on an instrumented treadmill (Vashista, 2015; 
Vashista, Reisman, et al., 2013).  Tethers can be arranged in almost any direction that allows the 
TPAD the ability to actively and precisely increase load along the specified path.  A motion 
capture system uses reflective markers to give real-time feedback to the system for directional 
force implementation during any phase of the gait cycle. Tethers can be arranged in a variety of 
configurations to achieve the desired force trajectory for a specified task goal.  Embedded force 
plates in the treadmill record load force data.     
The versatile nature of the TPAD makes it an ideal device to investigate the effect of 
integrating robotic technologies with tenets of motor learning in a treatment paradigm for 
individuals after stroke.  Therefore, the overarching goal of this work was first to establish the 
feasibility of using the TPAD in a population of individuals after stroke, and also to improve 
force loading onto the affected, paretic limb, and thus improve gait symmetry.  Consistent with 
prior work in healthy adults, a short bout (15 minutes) of training was administered within a 
single session, and did prove useful at improving load forces into the affected limb on the 
treadmill, even after force tethers were removed.  However, these increases in load force were 
not sufficient to induce changes in spatiotemporal gait parameters overground (Appendix F).  
	 5	
A follow up study (Appendix G) explored the application of two training paradigms, 
Error Reduction (ER) and Error Augmentation (EA), on the TPAD in four individuals greater 
than six months out from stroke.  Training was also extended over a five-day period and visual 
feedback was provided to augment the effects of training.  While no significant differences were 
seen between the two paradigms, the implementation of visual feedback and the five-day 
extended training did prove feasible in this population.   
The purpose of this final study was to evaluate the feasibility and preliminary efficacy of 
a five-day intervention utilizing the TPAD and incorporating faded visual feedback and 
overground training to reduce load force asymmetry and improve stance symmetry during gait in 
individuals with chronic stroke.  
The research aims this study specifically addressed included:   
1) To demonstrate feasibility in terms of safety, treatment tolerance and adherence of a five-
day intervention using the TPAD with visual feedback and overground gait training in 
individuals with chronic stroke who present with gait asymmetry.  
 
2) To establish preliminary efficacy after five sessions of training using the TPAD and faded 
visual feedback to improve load force symmetry as measured on the treadmill. 
 
3) To establish preliminary efficacy of an intervention coupling the TPAD and faded visual 
feedback with overground gait training to improve stance time symmetry in 
overground walking.   
 
The following hypotheses were tested:  
1) This intervention will be feasible in individuals post-stroke in terms of safety (as 
measured by severity and number of related adverse events), treatment tolerance (as 
measured by mean (SD) values of the maximum ratings of perceived exertion (RPE) ≤ 
8), and adherence as measured by a mean adherence rate of 80%.  
 
2) This intervention will result in significantly improved load force symmetry from Baseline 
Day 1 to Post Training Day 5 in individuals post-stroke.   
 
3) This intervention will result in improved stance time symmetry from Pre Test to Post Test 
in individuals post-stroke.  
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Chapter II provides a comprehensive literature review discussing the general 
pathophysiology of stroke, an overview of skilled learning, gait asymmetry in stroke, current 
rehabilitation and alternative treatment models including robotic-based interventions, the 
associated control mechanisms in robotics, and the TPAD.   
Chapter III provides a detailed methodology describing the configuration of TPAD 
tethers and the overall training paradigm including the visual feedback that was implemented and 
a description of the overground portion of training that was conducted daily at the conclusion of 
the treadmill training.  This chapter also includes a description of the assessments that were used 
and an overview of the statistical analysis.  Details of the study procedures can be found in 
Appendix C and a comprehensive statistical analysis plan is located in Appendix D.   
Chapters IV and V discuss the subject characteristics and the results of feasibility and 
efficacy portions of the study, respectfully.  Chapter VI provides a detailed discussion regarding 
integration of the meaningfulness of this work and the contribution of this work to the literature. 
Limitations are also discussed in this section as well as the implications for future work.  A 
















II.  Literature Review and Theoretical Framework  
2.1 Pathophysiology of Stroke and Neuroplasticity 
Stroke is caused by infarct or hemorrhage most commonly to the middle cerebral artery 
(MCA) or a branch thereof. This artery provides the largest volume of blood supply to the 
cerebral cortex including areas of the frontal, temporal, occipital and parietal lobes as well as 
subcortical regions including the basal ganglia, thalamus, and internal capsule.  A reduced blood 
supply to this artery would subsequently result in weakness to the contralateral arm more than 
leg and associated sensory loss.  Visual field cuts, aphasia and neglect are also often present 
depending on the lesion location (Stein, Harvey, Winstein, Zorowitz, & Wittenberg, 2015).  The 
primary motor area (M1) works in association with other areas of the brain to initiate and control 
volitional movements, and the effects of even a small occlusion commonly result in a variety of 
motor impairments.  Due to the complex nature of this type of injury, common impairments 
include decreased strength (hemiparesis), reduced motor control, and compromised 
proprioception and sensation of the affected body and limbs.  Additionally, spasticity defined as 
an increase in tone caused by the hyperexcitability of the affected muscles/joint (Shepherd, 
2001), is most commonly associated with volitional movement.  Although spasticity is not a 
major contributor to motor impairment after stroke (Dobkin, 2004; Sommerfeld, Eek, Svensson, 
Holmqvist, & Von Arbin, 2004), combined with hemiparesis and reduced motor control, these 
impairments limit the ability to isolate individual movements (Dobkin, 2004).  The net effect of 
reduced movement isolation is decreased efficiency, leading to overall limitations in activity and 
minimizing participation in the community.   
Despite injury, the brain is markedly plastic, or adaptable.  Neuroplasticity is the brain’s 
ability to change or adapt to a modified environment (Warraich & Kleim, 2010).  In the wake of 
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stroke, this involves the reorganization of cortical mapping and recruitment of surrounding areas 
to perform tasks previously accomplished by the damaged area (Clarkson et al., 2013; Jacobs & 
Donoghue, 1991; Warraich & Kleim, 2010).  Both animal and human models have demonstrated 
the ability of the brain to reorganize after injury (Clarkson et al., 2013; Jacobs & Donoghue, 
1991; Krakauer et al., 2012; Nudo, 2013; Nudo, Wise, SiFuentes, & Milliken, 1996; Zeiler & 
Krakauer, 2013).  Early post stroke, there is a window of spontaneous biological plasticity in 
which recovery of the brain occurs, commonly referred to as a ‘sensitive period’ (Zeiler & 
Krakauer, 2013).  During the first months after stroke in this sensitive period, axonal sprouting 
and reorganization of the dendritic spines occur in neuronal cells, and cortical maps are 
reorganized (Clarkson et al., 2013; Krakauer et al., 2012; Mostany et al., 2010; Nudo, 2013; 
Nudo et al., 1996; Zeiler & Krakauer, 2013).  During this sensitive period, there is an interaction 
between spontaneous biological recovery and motor training, and if training is maximized 
recovery can be enhanced with stimulation, training or behavioral experiences (Krakauer, 2006; 
Krakauer et al., 2012; Nudo, 2013; Nudo et al., 1996; Warraich & Kleim, 2010; Zeiler & 
Krakauer, 2013).  This period is thought to last approximately three months post stroke yet 
diminishes gradually over time and can extend to six months after event (Zeiler & Krakauer, 
2013).  As this sensitive period approaches the six-month mark, the window of spontaneous 
recovery closes altogether, and from this point motor recovery becomes dependent solely on 
environmental constraints and stimulation from training and rehabilitation.  For this work, we 
define chronic stroke as the period greater than six months from stroke event.   
While the majority of improvements are made within the first three to six months after 
stroke, neuroplasticity continues, and recovery gains can be accomplished throughout the chronic 
period (Bowden, Behrman, Neptune, Gregory, & Kautz, 2013; Gauthier et al., 2008; Plummer et 
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al., 2007).  Despite cortical injury, after stroke individuals retain the ability to learn, or relearn, 
and acquire motor skills (Kitago & Krakauer, 2013; Scheidt & Stoeckmann, 2007; Winstein, 
Merians, & Sullivan, 1999).  Further, cortical reorganization is guided by training experience 
after injury, and neuroimaging has shown rehabilitative efforts to spare the loss of motor areas of 
intact tissue of the surrounding cortex (Nudo et al., 1996).  Similar to healthy individuals, 
training after stroke must be sufficiently specific, intense and salient to induce learning and 
neuroplastic changes (Kleim & Jones, 2008; Warraich & Kleim, 2010).  This motor skill 
training, or learning is discussed in detail in section 2.2.  Despite the benefits of training or 
rehabilitation even in the chronic period, after discharge from inpatient care and approaching the 
chronic recovery period, only 31% of individuals sought outpatient care; however guidelines 
recommend individuals continue with rehabilitation in the outpatient setting if clinically 
indicated (Winstein et al., 2016), and it is suggested this figure is lower than expected if clinical 
guidelines were followed (Mozaffarian et al., 2016; Winstein et al., 2016).  Moreover, caregiver 
burden and quality of life remain significantly impacted in this chronic phase (Carod-Artal & 
Egido, 2009; Rigby, Gubitz, & Phillips, 2009).  It is imperative that we re-examine treatments 
targeting the chronic period post stroke in an effort to continue to augment functional gains and 
maximize activity and participation in these individuals.   
2.2 Motor Skill Learning  
The process of motor skill learning is believed to be the same for both healthy individuals 
and persons after stroke (Kitago & Krakauer, 2013).  Motor skill is the ability to achieve a motor 
task goal with efficiency, consistency and flexibility (Gentile, Beheshti, & Held, 1987; Muratori 
et al., 2013).  True motor skill learning occurs when a change in motor performance outlasts the 
duration of the training period (Kitago & Krakauer, 2013).  At the onset of skilled learning, the 
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shape structure of the internal model, or motor map is being developed.  During this period, 
movements are generally deliberate and inconsistent (Gentile, 1998; Lam, Anderschitz, & Dietz, 
2006; Muratori et al., 2013).  This concept of an internal model is common in motor skill 
learning and is described as a conceptual model of movement dynamics developed within the 
brain.  Estimates for a successful completion of the motor task are made, followed by movement 
execution (Wolpert, Ghahramani, & Jordan, 1995).  Practice, or repetitions of the executed 
movement provide information to the model via intrinsic or extrinsic feedback mechanisms, and 
updates are made to the motor plan for successful acquisition of the task goal with future 
movements (Lam, Anderschitz, & Dietz, 2006). When an alteration to the environment or an 
error occurs with motor performance, information is input back into the model based on either 
the ability or inability to achieve the task goal. Augmented feedback is sometimes necessary in 
populations that are not able to reliably detect and integrate information obtained from 
movement error (Schmidt, 1991) in order to effectively update the internal model.  Based on the 
information received during practice, the model is constantly updated (Lam et al., 2006; Wolpert 
et al., 1995). Continued practice with successful acquisition of the task goal reinforces the 
internal model, making it more robust and providing a larger repertoire of movements that allow 
the individual to successfully achieve the task goal consistently and efficiently (minimizing 
demands on the cardiovascular and musculoskeletal system) with the flexibility to be able to 
adapt to different environmental conditions, thus facilitating long-term learning.   
Even in the chronic phase after stroke, individuals are still able to learn motor skills 
(Kitago & Krakauer, 2013), but due to motor impairments, the time frame to master skilled 
movement may be increased (Huang & Krakauer, 2009) as compared to healthy counterparts.  
Traditional rehabilitation models will be discussed in detail in section 2.4, yet a primary goal of 
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traditional rehabilitation is to maximize patient independence, and this is typically achieved 
through stretching, strengthening, and task-specific exercise training prescribed by a licensed 
physical or occupational therapist.  However, traditional rehabilitative training is often carried 
out at the expense of promoting compensatory strategies and not restitution of pre-stroke 
function (Kitago & Krakauer, 2013; Krakauer et al., 2012).  Compensatory strategies utilize 
spared functionality of the limbs or the non-impaired limb to complete the motor task.  
Restorative strategies aim to improve function by remediating impairments (Huang & Krakauer, 
2009; Kitago & Krakauer, 2013; Krakauer, 2006; Krakauer et al., 2012; Krakauer, Ghazanfar, 
Gomez-Marin, MacIver, & Poeppel, 2017).   Motor learning is required for both compensatory 
strategies and motor restitution (Kitago & Krakauer, 2013).  Recovery at the impairment level 
provides an individual with a greater repertoire of movement possibility.  It allows an individual 
the capacity to adapt performance of a motor task to a wider array of environmental conditions 
(flexibility of movement application) and potentially maximizes movement efficiency.  
Restoration provides an opportunity for a higher level of skilled movement.  It is likely the 
compensatory strategies often learned in early rehabilitation are reinforced with practice at home 
and in the community.  Reinforcement of movement constraints associated with compensatory 
strategies may in turn limit movement potential, reducing the ability of an individual to adapt in 
varying environmental contexts (flexibility of movement), lessening movement skill, and 
ultimately long-term recovery (Kitago & Krakauer, 2013).   
Interventions founded in motor learning theory can be used to promote impairment level 
gains, and thus restitution of function over compensatory strategies.  Specific training tenets that 
have been shown to contribute to learning include practice at an intensity sufficient for the 
internal model to be developed and reinforced, the use of feedback to provide input for this 
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conceptual model to update, plan and produce subsequent movements, and practice in an 
environment salient to the learner, which promotes the integration of the learned motor skill, and 
further reinforces the internal model.  These tenets are discussed in detail below.   
2.2.1 Intensity of Practice.  Practice is a key ingredient for the acquisition of motor skill 
(Kleim & Jones, 2008; Lee, Swanson, & Hall, 1991).  Rodent models of stroke suggest that 
upwards of 1,000 repetitions are needed per therapy session to drive neuroplasticity and skilled 
learning with training of the lower limb (Cha et al., 2007; Huang & Krakauer, 2009; Lang et al., 
2009).  Although the exact intensity needed to drive recovery in humans post stroke is not clearly 
understood, evidence suggests that these individuals require a greater practice intensity compared 
to their healthy peers to achieve skilled learning effects (Huang & Krakauer, 2009; Kitago & 
Krakauer, 2013; Reisman, Bastian, & Morton, 2010; Reisman, Wityk, Silver, & Bastian, 2007).  
In a large multi-centered study examining the number of repetitions individuals post stroke were 
receiving with therapy, it was found that early post stroke gait training achieves approximately 
350 steps per therapy session (Lang et al., 2009).  This is slightly increased in the outpatient 
setting (approximately 500 steps per therapy session) as individuals progress and require less 
assistance for ambulation (Lang et al., 2009).  However, in comparison to animal models, the 
dosage received by humans after stroke remains grossly under-dosed (Cha et al., 2007; Huang & 
Krakauer, 2009; Lang et al., 2009).   
The amount of practice in and of itself is important, yet the training environment must 
also be structured so that practice is not merely repetition (Bernstein, 1967; Guadagnoli & Lee, 
2004; Lee et al., 1991).  In addition to maximizing the number of repetitions, the practice 
intensity must also be challenging and engaging to the learner to produce learning effects and 
contribute to cortical reorganization (Guadagnoli & Lee, 2004; Winstein & Kay, 2015; Wulf & 
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Lewthwaite, 2016).  Motor skills are learned from the problem-solving process of performing a 
motor task, and the practice environment must be structured to facilitate this process (Lee et al., 
1991; Winstein & Kay, 2015). As the learner engages in problem solving to accurately achieve 
the task goal, s/he plays an active role in the learning process.  This provides an increased level 
of autonomy for the learner and with repeated practice of the novel skill reinforces and enhances 
learning effects (Lee et al., 1991; Wulf & Lewthwaite, 2016). 
2.2.2 Feedback.  Objective feedback about whether or not the task goal is met is another 
vital component to learning (Shepherd, 2001).  The schedule and type of feedback can impact 
overall learning effects (Kitago & Krakauer, 2013; Lee et al., 2016; Reinkensmeyer et al., 2016; 
Schmidt, 1991; Sidaway et al., 2008; Winstein et al., 1994; Winstein & Schmidt, 1990).  Both 
intrinsic and extrinsic feedback play roles in the learning process (Boyd & Winstein, 2003).  
Intrinsic feedback is derived from within the learner.  In this type of feedback, the learner uses 
sensory input generated within him/herself for information on task performance.  In contrast, 
extrinsic feedback is not supplied from within the learner, but by an outside source (Kitago & 
Krakauer, 2013; Schmidt, 1991) and can be given in a plethora of different formats (e.g. audio, 
visual, or haptic cues).  The information received from both intrinsic and extrinsic feedback is 
input into the internal model, and this conceptual model is updated.  Feed forward control then 
anticipates the next repetition of movement based on the feedback given and a successive 
movement is executed (Wolpert et al., 1995).  Feedback obtained from variations in movement 
execution is combined with knowledge of successful or unsuccessful achievement of the task 
goal, and continues to update this internal model.  With continued repetition, or practice, the 
internal model is made more robust, which enables the learner to perform the task with 
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increasing success even with variations to environmental conditions (Lam et al., 2006), and with 
sufficient practice intensity can result in long-term learning.   
Haptic or guided assistance is a type of extrinsic feedback that is typically provided 
concurrently during movement execution.  In individuals after stroke, haptic or guided assistance 
is often provided manually and used to promote weight shifting onto the paretic lower limb or to 
assist in lower limb advancement during the swing phase of gait.  This guided assistance has 
been shown to be beneficial for training in the initial stages of learning (Schmidt, 1991; Sidaway 
et al., 2008; Winstein et al., 1994).  However, if the guided assistance is not reduced over the 
course of training, individuals can become increasingly reliant on this feedback (Heuer & 
Lüttgen, 2014; Marchal-Crespo & Reinkensmeyer, 2009).  This minimizes the problem-solving 
effort of the user and as a result, reduces user engagement, and thus decreases learning effects 
(Lee et al., 2016, 1991; Sidaway et al., 2008; Winstein et al., 1994). Given the increased time 
required for skill acquisition in this population (Kitago & Krakauer, 2013), guided assist 
feedback may be beneficial to promote rapid improvement of motor skill performance outside of 
typically practiced compensatory movements.  However, to decrease the individual’s reliance on 
this feedback, the guided feedback should be faded over the course of the training to increase the 
learner’s engagement in actively problem-solving the movement dynamics of the motor task in 
the practice environment.  
2.2.3 Specificity of Practice.  An additional component of training that has an impact on 
motor skill learning is specificity of practice (Kleim & Jones, 2008; Lang, Lohse, & 
Birkenmeier, 2015; Nudo, 2013; Winstein & Kay, 2015).  The specificity principle offers that a 
learned task must have sufficient similarities with the practiced task for transfer to occur (Kleim 
& Jones, 2008; Schmidt, 1991; Schweighofer, Choi, Winstein, & Gordon, 2012; Shepherd, 2001; 
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Winstein & Kay, 2015).  This principle holds true for both healthy individuals as well as persons 
after stroke.  Both the animal and human neuroscience literature suggest the importance of 
context specificity in repetition of the motor task to induce cortical plasticity (Kleim & Jones, 
2008; Lang et al., 2015; Nudo, 2013; Zeiler & Krakauer, 2013).  This remains consistent for both 
early stages of recovery after stroke as well as in the chronic recovery period.  In addition to 
specificity of practice, the task and its practice must be salient to the learner (Kleim & Jones, 
2008; Schweighofer et al., 2012; Winstein & Kay, 2015) and sufficiently challenging to 
maximize engagement and learning effects (Guadagnoli & Lee, 2004; Muratori et al., 2013; 
Reinkensmeyer et al., 2016; Winstein & Kay, 2015).   
Models of rehabilitation that have been most successful at maximizing functional gains 
are those that integrate a salient, high intensity, task specific training program, such as constraint 
induced movement therapy (CIMT) for recovery of upper limb function (Dobkin, 2004; Lang et 
al., 2016; Muratori et al., 2013; Nudo, 2013; Winstein & Kay, 2015), and treadmill training for 
recovery of lower limb function, specifically walking (Hesse, 2008; S. L. Patterson, Rodgers, 
Macko, & Forrester, 2008).  Treadmill training can facilitate a higher practice intensity, or a 
higher number of steps per session, however individuals who train with various treadmill models 
often demonstrate a limited transfer of these skills over ground (Conesa et al., 2012; Duncan et 
al., 2011; Kim et al., 2015).  It is plausible that treadmill training alone is not sufficiently similar 
to overground gait or adequately salient to the learner to induce changes that transfer to improve 
functional walking skill (Moore et al., 2015; Schweighofer et al., 2012; Winstein & Kay, 2015).  
In contrast, several small scale studies have shown that treadmill training coupled with 
overground training is an effective at reducing step length asymmetry in individuals after stroke 
(Helm & Reisman, 2015; Reisman, McLean, Keller, Danks, & Bastian, 2013; Reisman et al., 
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2007) possibly due to the increased saliency and task specificity of training.  Interventions that 
integrate an overground component to training, and thus promote salient practice of motor skills 
targeted in training sessions could prove more useful at inducing restorative gains.    
2.3 Gait Deficits and Asymmetry in Individuals Post Stroke 
After stroke, residual hemiparesis, spasticity and impaired motor control of the lower 
limbs are major contributors to motor deficits that affect gait (Jansen et al., 2014).  These deficits 
manifest as impairments including reduced gait velocity, decreased cadence, and asymmetries in 
temporal, spatial and force parameters (Balaban & Tok, 2014; Bowden, Balasubramanian, 
Neptune, & Kautz, 2006; G Chen et al., 2005b; Chu, Hornby, & Schmit, 2015). These gait 
impairments reduce walking capacity post stroke and have a significant impact on functional 
activities and community participation (Balasubramanian, Bowden, Neptune, & Kautz, 2007; 
Bowden et al., 2006; G Chen, Patten, Kothari, & Zajac, 2005a; Hendrickson et al., 2014).  
To date, improvements in velocity have been the gold standard as a marker for gait 
recovery (G Chen et al., 2005b; Olney & Richards, 1996; K. Patterson et al., 2008; K. Patterson, 
Gage, Brooks, Black, & McIlroy, 2010; Richards & Olney, 1996; Stein et al., 2015). Velocity is 
a vital element that provides a metric for a person’s ability to achieve the goal of a motor task or 
reach a mobility threshold (e.g. Can an individual cross the street in the time allotted by the 
streetlights?). However, gait velocity alone is insufficient to adequately characterize gait in a 
post stroke population (K. Patterson et al., 2008).  Velocity and symmetry measure different 
characteristics of gait (Hendrickson et al., 2014; Olney & Richards, 1996; K. Patterson et al., 
2010). Individuals with gait asymmetry have reductions in walking velocity (Bowden et al., 
2006; Helm & Reisman, 2015; Lewek & Randall, 2011; K. Patterson et al., 2008) and most 
notably limitations in endurance and the flexibility to adapt to different environmental contexts 
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(Balasubramanian et al., 2007; Helm & Reisman, 2015; Hendrickson et al., 2014; Lewek & 
Randall, 2011; K. Patterson et al., 2008).  Gait symmetry has also been correlated with higher 
velocity (Balaban & Tok, 2014; G Chen et al., 2005b; Hendrickson et al., 2014; Olney & 
Richards, 1996; Richards & Olney, 1996; von Schroeder, Coutts, Lyden, Billings, & Nickel, 
1995), improvements in metabolic costs during gait (G Chen et al., 2005a; Ellis, Howard, & 
Kram, 2013) and greater skilled motor recovery (Brandstater, de Bruin, Gowland, & Clark, 
1983).   
Load asymmetries are a common feature post stroke (Tokuno & Eng, 2006) due to 
residual hemiparesis, decreased proprioception and impaired motor control of the paretic limb 
(Balaban & Tok, 2014; Bowden et al., 2006; G Chen et al., 2005a; Hsiao, Awad, Palmer, 
Higginson, & Binder-Macleod, 2015; K. Patterson et al., 2008, 2010).  Decreased loading onto 
the paretic limb reduces propulsive forces (Balasubramanian et al., 2007). Propulsive forces are 
defined as the forces generated to propel the body’s center of mass forward (Balaban & Tok, 
2014; G Chen et al., 2005a; Hendrickson et al., 2014; Olney & Richards, 1996; Richards & 
Olney, 1996). A net force requirement must be met to advance the body forward, thus inadequate 
propulsive forces of the paretic limb require the non-paretic limb to generate a higher 
contributing propulsive force to meet this threshold (Hsiao et al., 2015).  Further, decreased 
paretic limb loading contributes to a reduced ability to modulate speed and correlates with slower 
overall walking speeds (Balasubramanian et al., 2007; Bowden et al., 2006; Hsiao et al., 2015; K. 
Patterson et al., 2008). Compensatory strategies that perpetuate reduced loading onto the paretic 
limb and thus reduced time in stance phase of this limb have been shown to be a significant 
predictor of walking speed (Balasubramanian et al., 2007; K. Patterson et al., 2008).   
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Temporal asymmetries are a direct result of insufficient loading onto the paretic limb and 
result in reduced time spent on the paretic limb during the stance phase of gait (Balaban & Tok, 
2014; G Chen et al., 2005b; Hendrickson et al., 2014; Olney & Richards, 1996; Richards & 
Olney, 1996; von Schroeder et al., 1995).  Conversely, the time spent in swing phase of the 
paretic limb increases as does stance time on the non-paretic limb (G Chen et al., 2005b; 
Hendrickson et al., 2014; Olney & Richards, 1996; Richards & Olney, 1996). While temporal 
asymmetries are most common, spatial asymmetries are likewise present (K. Patterson et al., 
2008).  Step length (spatial) asymmetries result from the limited ability to fully advance the 
paretic limb leading to a shortened step length on the paretic side (Balaban & Tok, 2014; 
Hendrickson et al., 2014; Roerdink & Beek, 2011).  
It is plausible that due to the correlative nature of load and temporal asymmetry, 
interventions focused on reducing load asymmetry would facilitate changes in both 
spatiotemporal parameters and overall walking speed.  A large study examining gait after stroke 
demonstrated the individuals’ ability to maintain walking speeds, yet temporal asymmetries 
worsened with time out from stroke (K. Patterson et al., 2010).  While not stated directly by the 
authors, these findings allude to the use of compensatory strategies to maintain gait speed at the 
cost of worsened symmetry.  Increased use and integration of the impaired lower limb into 
everyday movement dynamics (restorative function) yields improved symmetry.  Symmetry has 
been shown to play a role in the ability to adapt to different environments and reduced endurance 
is also associated with reduced symmetry (Balasubramanian et al., 2007; Helm & Reisman, 
2015; Hendrickson et al., 2014; Lewek & Randall, 2011; K. Patterson et al., 2008).  This 
suggests a link between symmetry and motor skill.  Interventions solely focused on increasing 
velocity lack this element of skilled movement.  Rehabilitation efforts that reduce asymmetry 
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could therefore contribute to improvements in skilled movement, and promote restorative use of 
the affected limb, reducing the reliance on compensatory strategies.   
2.4 Traditional Rehabilitation Models to Reduce Gait Asymmetry 
Traditional rehabilitation models will be defined here as a course of therapy that an 
individual typically receives after stroke, including, but not limited to activities involving 
stretching, strengthening, and task-specific exercise training.  These activities are generally led 
by a licensed physical or occupational therapist and are provided more intensely in the acute and 
subacute periods post stroke, with a reduction in frequency and duration as time passes to the 
more chronic phase (Winstein et al., 2016).   
One strategy of traditional rehabilitation to improve gait symmetry has been to compel 
weight shifting onto the affected limb by placing a wedge or lift into the shoe on the unaffected 
side, driving weight onto the affected limb.  This intervention has been shown to increase 
loading on the affected limb (de Haart, Geurts, Dault, Nienhuis, & Duysens, 2005; Rodriguez & 
Aruin, 2002), improve balance (de Haart et al., 2005; Jung, Kim, Chung, & Hwang, 2014; 
Tsaklis, Grooten, & Franzen, 2012) and improve trunk control (Jung et al., 2014) in sitting and 
quiet stance.  These gains are promising, yet results in gait have been inconclusive.  While one 
study demonstrated improvements in gait (Aruin, Rao, Sharma, & Chaudhuri, 2012), another 
failed to show gains (Sheikh, Azarpazhooh, & Hosseini, 2015).  Due to questionable  
improvements in gait, the degree to which this intervention is able to carry over to functional 
community ambulation is unknown (Aruin et al., 2012; de Haart et al., 2005; Jung et al., 2014; 
Rodriguez & Aruin, 2002; Sheikh et al., 2015; Tsaklis et al., 2012).   
Typically, traditional rehabilitation protocols use haptic feedback to reduce movement 
error.  However, recently error augmentation (EA) training models have been explored as an 
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alternative to these paradigms to further promote learning (X. Chen & Agrawal, 2013; Helm & 
Reisman, 2015; Kao, Srivastava, Higginson, Agrawal, & Scholz, 2015; Reisman et al., 2010, 
2013, 2007).  These models have been aimed at reducing step length asymmetries during gait 
(Helm & Reisman, 2015; Reisman et al., 2010, 2013, 2007).  For these paradigms, the 
compensatory mechanisms that have evolved resulting in a reduced step length of the non-paretic 
lower limb are considered ‘movement errors’. These paradigms modify the environment to 
amplify or augment the error, further increasing step length asymmetries. The learner, in turn, 
provides an adaptive response to correct this error, and with practice, this response is thought to 
develop into a novel, more skilled movement pattern (Helm & Reisman, 2015; Reisman et al., 
2010).   While this training strategy has proven beneficial in reducing spatial, or step length 
asymmetries in individuals in the chronic period post stroke who have developed compensatory 
strategies (Helm & Reisman, 2015; Reisman et al., 2013, 2007), it remains unclear as to whether 
this is an ideal paradigm to reduce load asymmetries in this population (Bishop et al., 2017).   
2.5 Body Weight Supported Treadmill Training (BWSTT) and Robotic-Based 
Interventions 
The use of robotic-based interventions has become more widely used as an adjunct, or an 
alternative to traditional rehabilitation models.  Robotic-based interventions use an actuated 
mechanical device as a primary platform to deliver therapy.  Similar to traditional care models, 
these interventions are generally supervised by a licensed physical or occupational therapist.  
While the general goals of robotic training are similar to traditional care (e.g. improve strength, 
reduce a wide variety of motor impairments, offer task specific training), goals specific to the 
lower limb (e.g. the LOPES, the ALEX, the Bionic Leg, the HAL, etc.) aim at improving 
symmetry and gait velocity in individuals post-stroke.  The nature of an actuated robotic 
	 22	
component to training provides potential advantages that exceed what can be provided with a 
therapist alone in traditional models (Huang & Krakauer, 2009). These benefits are discussed 
below.  Robotic devices come in an array of designs including wearables (e.g. Myomo mPower, 
Alter G Bionic Leg), large workstations (e.g. Hocoma ArmeoPower, Hocoma Lokomat) aimed at 
movement of the entire limb, or end effector devices aimed at restoring movement to the limb by 
treating the distal most aspect of the limb (e.g. Tyromotion Amadeo, MIT Anklebot) (Bishop & 
Stein, 2013; Gong Chen, Chan, Guo, & Yu, 2013; Lo, 2012).  Robotic interventions are provided 
either in addition to or as an alternative to traditional care models, and have been most widely 
studied to augment functional return in individuals chronically post stroke.  
Body weight supported treadmill training (BWSTT) provides treadmill training coupled 
with either manual or robotic physical guidance of the paretic limb (Bowden et al., 2013; Conesa 
et al., 2012; Hornby et al., 2008; Routson, Clark, Bowden, Kautz, & Neptune, 2013; Westlake & 
Patten, 2009) and has been used to reduce gait asymmetry in individuals after stroke. BWSTT is 
a type of treadmill training in which an individual’s body weight is partially or fully supported, 
and the affected limb(s) is guided through a symmetrical and robotic driven movement trajectory 
that mimics typical, healthy gait (Schwartz & Meiner, 2015).  Similar to compelled weight shift 
training, BWSTT with guided foot placement has been shown to improve both stance time on the 
impaired limb (Hornby et al., 2008) and walking velocity (Bowden et al., 2013; Conesa et al., 
2012; Hornby et al., 2008; Routson et al., 2013; Westlake & Patten, 2009).  However, it remains 
unclear whether providing guidance by manual or robotic mechanisms is more efficacious 
(Hornby et al., 2008; Westlake & Patten, 2009).   
Major advantages of both robotic-based interventions and BWSTT include the ability to 
provide task-specific training (Calabrò et al., 2016; Duncan et al., 2011; Hassid, Rose, 
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Commisarow, Guttry, & Dobkin, 1997; Hesse, 2008; Hesse et al., 1999; Hornby et al., 2008; 
Kim et al., 2015; Sale, Franceschini, Waldner, & Hesse, 2012; Schwartz & Meiner, 2015; Stein, 
Bishop, Stein, & Wong, 2014) at a higher intensity, or greater number of step repetitions per 
session than can be achieved in traditional overground gait therapy (Calabrò et al., 2016; Hornby 
et al., 2008; Kim et al., 2015; Sale et al., 2012; Schwartz & Meiner, 2015; Stein et al., 2014).  As 
stated previously, traditional overground gait training averages approximately 350 steps per 
session (Lang et al., 2009), yet a robotic-based BWSTT intervention can facilitate more than 
1,000 steps in a single training session (Hesse, 2008). Further, these therapies can also reproduce 
the kinematics of stepping more consistently than can be achieved in conventional overground 
training (Calabrò et al., 2016; Wall, Borg, & Palmcrantz, 2015).  However, on direct comparison 
with traditional gait training paradigms, results are equivocal, and neither BWSTT nor robotic-
based training paradigms have convincingly been shown to be more advantageous than 
traditional care models (Conesa et al., 2012; Duncan et al., 2011; Hesse et al., 1999; Kim et al., 
2015; Li et al., 2015; Moseley et al., 2005; Sale et al., 2012; Schwartz & Meiner, 2015; Stein et 
al., 2014; Visintin, Barbeau, Korner-Bitensky, & Mayo, 1998; Wall et al., 2015; Westlake & 
Patten, 2009; Wu et al., 2014).  
2.6 Control Mechanisms in Robotic Devices 
To date, a limitation of robotic-based training is the reduced active engagement of the 
user in the training paradigm (Heuer & Lüttgen, 2014).  Robotic devices provide a platform for 
achieving a higher training intensity compared to conventional approaches (Calabrò et al., 2016; 
Hesse et al., 1999; Hornby et al., 2008; Kim et al., 2015; Sale et al., 2012; Schwartz & Meiner, 
2015; Stein et al., 2014; Visintin et al., 1998; Westlake & Patten, 2009); however, these sessions 
employ guided assist feedback with limited flexibility from fixed, pre-set movement patterns 
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(Heuer & Lüttgen, 2014; Marchal-Crespo & Reinkensmeyer, 2009).  The task goal is 
successfully achieved at each repetition, yet due to the limited variability of movement outside of 
the pre-set trajectories, feedback is limited, and the role of the learner in developing his/her own 
strategy is reduced.  It is vital for robotic-based training interventions to be founded in principles 
of motor learning to maximize the engagement of the learner in order to enhance skilled learning 
effects.  While there are many benefits to robotic-based training, motor learning tenets such as 
intensity, feedback, and task-specific training have not been optimized in robotic models to date. 
Further, the optimization of these tenets in training paradigms, most importantly, place the 
learner at the center of the learning process, which piece is integral for learning to occur (Wulf & 
Lewthwaite, 2016).  The integration of these principles with robotic training paradigms can 
further increase the effectiveness of training interventions post stroke and enhance both retention 
and transfer of skills into environments outside of clinical-based training.   
A closer examination of the control strategies driving robotic therapies could further 
explain limitations to treatment efficacy.  The most common control strategy employed in 
robotic therapies is an active-assist based training paradigm, or a paradigm in which the robot 
provides guided assist feedback to the user to successfully achieve the task goal (Marchal-Crespo 
& Reinkensmeyer, 2009; Srivastava et al., 2015). However, learners can become dependent on 
the guided assistance or feedback if it is not reduced during the training period (Schmidt, 1991; 
Sidaway et al., 2008; Winstein, Pohl, & Lewthwaite, 1994).  High feedback frequency reduces 
the error generated with movement exploration, and despite being beneficial during early skill 
acquisition, it has been shown to be detrimental to retention in both healthy and pathologic 
populations (Heuer & Lüttgen, 2014; Marchal-Crespo & Reinkensmeyer, 2009; Schmidt, 1991; 
Sidaway et al., 2008; Winstein et al., 1994).  
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2.7 The Tethered Pelvic Assist Device (TPAD) 
The tethered pelvic assist device (TPAD) offers a promising solution to coupling tenets 
of motor learning with the benefits of robotic training to maximize skilled gait.  Initial studies 
using the TPAD were performed in healthy individuals with passive load forces applied at the 
pelvis along a moving vector parallel to the limb throughout the gait cycle for a 15-minute 
training (Vashista, 2015; Vashista, Reisman, et al., 2013).  A full description of the TPAD device 
can be found in previous work (Vashista, 2015; Vashista, Agrawal, et al., 2013), in Appendix F, 
and in Section 3.3.1 of this work.  The TPAD tethers were arranged to induce asymmetrical 
loading in the transverse plane throughout the entire duration of the gait cycle.  Results 
demonstrated increased loading along the limb to which the forces were applied.  These 
increased load forces were seen throughout the training and retained during gait on the treadmill 
even after force tethers were removed (Vashista, Reisman, et al., 2013).  This was replicated with 
individuals post stroke in which load forces were applied at the pelvis along the trajectory of the 
paretic limb during a 15-minute training interval.  Similar to healthy individuals, individuals post 
stroke demonstrated increased load forces of the paretic limb during the training interval and this 
increased loading was sustained during gait on the treadmill immediately after load forces were 
removed and sustained for 10 minutes of additional walking (Vashista, 2015).  Overground 
spatiotemporal gait parameters were also recorded before and after TPAD training, however no 
changes were found in overground spatiotemporal gait parameters (See Appendix F). 
Similar to training with other robotic devices, these initial studies with the TPAD utilized 
a guided-assist control strategy for training.  Forces were applied along a vector parallel to the 
trajectory of the paretic limb, guiding the individual to increase load forces along this limb.  A 
recent pilot study using a different tether configuration for TPAD training further explored 
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guided assist as compared to an EA training paradigm as a means to reduce load asymmetry 
using the TPAD (See Appendix G).  For this experiment, the four tethers of the TPAD were 
attached to the pelvic belt in the horizontal plane and anterolateral forces equal to 10% of the 
participants’ body weight were ramped up/down in a trapezoidal profile along the paretic limb 
(guided assist paradigm) or the non-paretic limb (EA paradigm) from heel strike to mid-stance, 
in an effort to either reduce or enhance load forces during the stance phase of gait, and thus 
either reduce (guided assist paradigm) or enhance (EA paradigm) the amount of error provided 
during training. This configuration of TPAD forces does not overtly increase loading along the 
paretic limb, but encourages a weight shift at the pelvis to promote active loading.   
In an effort to enhance training effects and promote transfer to overground gait 
parameters, the duration of training was increased to 40 minutes and repeated for five 
consecutive days. Online visual feedback was also presented during the training portion to 
provide the user with a clear visual representation of the task goal.  This feedback remained 
consistent and was not faded or reduced over the course of training.  Similar to the initial single-
session studies, results of this multi-day training also demonstrated gains in load forces onto the 
paretic limb.  These gains were made irrespective of training paradigm (guided assist or EA).  
Further, improvements in loading of the paretic limb did reduce load asymmetry, which was 
maintained during gait on the treadmill even after the force tethers were removed.  However, like 
previous studies, there were no improvements noted in overground gait parameters (See 
Appendix G).   
In contrast to other guided assist robotic training, the configuration of the TPAD used in 
recent pilot work does not provide a fixed, pre-set movement pattern for the user nor guides the 
limb to a target position during gait tasks.  This configuration instead provides guidance at the 
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pelvis to increase loading onto the paretic limb while the user freely controls his/her own 
spatiotemporal movements during training.  Thus, it allows the user the opportunity to adopt 
his/her own movement strategy in response to forces for advancement of the body over the 
paretic limb, and does not entirely eliminate error from the training paradigm.   The user, in turn, 
plays a more active role during training. Additionally, the integration of visual feedback to 
TPAD training further promotes active engagement by the user.  Fading of the feedback over the 
course of training reduces the potential for the learner to rely on this feedback and further 
promotes development of his/her own movement strategies (Schmidt, 1991; Winstein et al., 
1994; Winstein & Schmidt, 1990).  The integration of an overground component to reinforce 
skills learned during TPAD treadmill training coupled with the intensity of the training, provides 
the learner the opportunity to implement the task in a task-specific environment and could further 
increase load force symmetry during treadmill gait and improve an individual’s ability to transfer 























III.   Methodology  
3.1 Study Design 
A non-randomized single arm cohort design was used to evaluate the feasibility and 
preliminary efficacy of this intervention to improve load force symmetry and to transfer gains to 
overground spatiotemporal gait measures. The total duration of participation in the study was 
three weeks for each participant. 
The complete study schema for this study design is represented in Figure 3.1.   
FIGURE 3.1. Study schema diagram 
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Adult individuals post-stroke were recruited from an existing voluntary stroke registry at 
Columbia University Medical Center.  Participants were considered for inclusion in the study if 
they met the following criteria: 1) age 18-75 years; 2) at least six months from stroke event 
(chronic), 3) history of a single stroke event (no history of multiple strokes), 4) independent 
community ambulators with or without the use of an assistive device (cane) and/or ankle foot 
orthosis (AFO), and 5) mean asymmetry ratio of 0.90 or below (Lewek & Randall, 2011) in 
percentage of time spent in stance phase during overground gait as measured on the three Pre-
Test assessments using a 10-meter walk test (10MWT).  Criteria for exclusion were: 1) history of 
other neurological condition (e.g. Multiple Sclerosis, Parkinson’s Disease, etc.) 2) score of less 
than 22 on Montreal Cognitive Assessment (MoCA), 3) excessive spasticity in the paretic lower 
limb (score of greater than 3 on Modified Ashworth Scale), and 4) uncontrolled medical issues 
that would limit exercise tolerance (e.g. hypertension, chronic heart disease).   Study procedures 
were reviewed and approved by the Internal Review Boards at both Columbia University 
Medical Center and Teachers College, Columbia University prior to enrolling participants.  
3.3 Intervention 
3.3.1 The Tethered Pelvic Assist Device (TPAD).  The TPAD uses a dual belt 
instrumented treadmill (Bertec Instrumented Treadmill) with embedded three-dimensional force 
plates under each belt.  A metal frame surrounding the treadmill supports ten cameras used for 
motion capture (Vicon®, Bonita – 10 Series).  Four motors are also mounted on the frame and 
tethers are threaded through pulleys that attach to a pelvic belt worn by participants.  A closed 
loop controller measures tension placed through the tethers, and ensures the correct tensions are 
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being applied. Both the embedded force plates and the motion capture system, used to track 
cable attachment locations, are used as part of the controller system (Vashista, 2015).  A 
schematic of the TPAD with the tether configuration is shown in Figure 3.2.  A monitor 
supplying visual feedback is also mounted to the frame at the forward position of the treadmill.   
FIGURE 3.2 Schematic of the TPAD with tether configuration 
 
3.3.2 Treadmill Training.  In preparation for training, each participant was outfitted 
with reflective markers, a pelvic belt to which the force tethers were attached, and a safety 
harness worn throughout the treadmill portion of the intervention (see Figure 3.3).  The 
participants also used an arm sling during the treadmill portion of training in an effort to prevent 
the affected limb from becoming entangled with force tethers during gait.  A Polar H10 (Polar ®, 
USA) heart rate monitor was worn around the chest for continuous monitoring of heart rate 
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throughout both treadmill and overground training.  After each participant was readied, s/he was 
assisted onto the TPAD treadmill.  The treadmill was then initiated and participants were 
allowed to self-select gait speed based on self-report.  The treadmill speed was incrementally 
increased at a rate of at 0.1 m/s, and the participant was allowed to ambulate at each speed 
increment and asked to report at which speed s/he felt comfortable continuing for a 60-minute 
training period.  A physical therapist (L.B.) present throughout the treatment visit confirmed the 
gait speed was appropriate by ensuring the participant was safely maintaining a steady gait at the 
middle portion of the treadmill (not at the extreme forward nor rear part of the treadmill) and 
demonstrating no signs of distress such as struggling to talk, or being unable to look away from 
his/her feet during ambulation. Gait speed selected during Day 1 of training was maintained 
constant for the Baseline and Post Training periods for each of the five training sessions in an 
effort to be consistent with force measures that were recorded during these time points.  For the 
TPAD portion of training, gait speed was re-selected daily based on participant self-report and 
again confirmed for safety by the supervising therapist (L.B.) in an effort to allow for progress 
according to participant comfort/ appropriate progress level. Once gait speed was established for 
Baseline, participants ambulated on the treadmill for five minutes.  On conclusion of Baseline 
gait, the treadmill was stopped and tethers attached for the TPAD portion of training. See Figure 
3.3 for a photograph of a participant during TPAD treadmill training with safety harness, arm 
sling, pelvic belt, reflective markers and tethers in place.
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FIGURE 3.3 Photograph of a fully instrumented participant during TPAD training.  
 
 
Once force tethers were attached, the treadmill was then re-initiated at the self-selected 
gait speed established for the TPAD training session.  Forces were applied during the stance 
phase of gait (ramping up from heel strike and down to midstance) in an anterolateral direction 
toward the side of the paretic limb.  This was intended to provide guided concurrent feedback to 
assist the participant to weight shift onto the paretic limb during gait.  Based on prior work 
(Bishop et al., 2017; Vashista, 2015) and to maintain a safe training environment for participants, 
a maximum force of 10% of the individual’s body weight was applied.   
Online visual feedback was also provided throughout the TPAD training portion of the 
intervention.  This visual feedback was in the form of a moving bar graph representing vertical 
load forces applied through the paretic limb in real time.  A target goal was denoted on the graph 
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by an adjacent static bar set.  This goal was determined by using the mean vertical load force of 
the non-paretic limb (as measured during Baseline gait).  See Figure 3.4.   
FIGURE 3.4 Online visual feedback provided during TPAD training 
 
 
Participants were given the verbal instructions, “On each step, try and reach the top of 
the target/goal bar and maintain it as long as possible.” Visual feedback was faded over the 
course of the five-day intervention. Participants completed a total of 40 minutes of TPAD 
Tethered training on each of the five training days and visual feedback was provided at a relative 
frequency of 90% (36 minutes) of training on Day 1, 70% (30 minutes) on Day 2, 50% (20 
minutes) on Day 3, 30% (10 minutes) on Day 4 and 10% (4 minutes) on Day 5.  The relative 
frequency of feedback was evenly distributed throughout the 40-minute training (e.g at 90% 
frequency, user given feedback for every 9/10 minutes, and no feedback given on the 10th 
minute; at 70% frequency, user given feedback 7/10 minutes; at 50% frequency, user given 
feedback every 5/10 minutes; at 30% feedback, user given feedback 3/10 minutes; at 10% 
frequency, user given feedback every 1/10 minutes) (See Table 3.1 for the detailed feedback 
schedule).  While this specific fading paradigm has not been examined in prior experiments 
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using the TPAD for training, the relative fading of feedback has been well established in the 
literature (Schmidt, 1991; Williams & Carnahan, 2014; Winstein & Schmidt, 1990).  Participants 
were offered a seated rest break at the midpoint of the TPAD training and as per request 
throughout the session.  
Table 3.1 Visual feedback schedule during TPAD training. 
	
 
On completion of the TPAD portion of training, the treadmill was again stopped to 
remove force tethers. For the Post Training period, the treadmill was then re-initiated at the self-
selected gait speed established at Day 1 of training, and participants ambulated for an additional 
10 minutes without any form of guided force assist nor was any online visual feedback provided.  
3.3.3 Overground Training.  Once the treadmill portion of training was completed, 
individuals were assisted off the treadmill and the reflective markers, pelvic belt, arm sling and 
safety harness were removed.  Participants received an additional 5-10 minutes of overground 
gait training with a primary goal to reinforce the TPAD portion of the intervention.  This 
overground training consisted of verbal cues (e.g. “Remember to put as much weight on your 
[paretic] limb as possible and keep it there as long as possible.”) with tactile cues (e.g. gentle 
tapping at [paretic] side) as necessary to promote weight acceptance onto the paretic limb during	
Day 1 Day 2 Day 3 Day 4 Day 5
Minute 1-10 9 minutes on/       
1 minute off
7 minutes on/       
3 minutes off
5 minutes on/      
5 minutes off
3 minutes on/      
7 minutes off
1 minute on/        
9 minutes off
Minute 11-20
9 minutes on/       
1 minute off
7 minutes on/       
3 minutes off
5 minutes on/      
5 minutes off
3 minutes on/      
7 minutes off
1 minute on/        
9 minutes off
Minute 21-30
9 minutes on/       
1 minute off
7 minutes on/       
3 minutes off
5 minutes on/      
5 minutes off
3 minutes on/      
7 minutes off
1 minute on/        
9 minutes off
Minute 31-40
9 minutes on/       
1 minute off
7 minutes on/       
3 minutes off
5 minutes on/      
5 minutes off
3 minutes on/      
7 minutes off
1 minute on/        
9 minutes off
Total
90% on (36 min)/ 
10% off (4 min)
70% on (28 min)/ 
30% off (12 min)
50% on (20 min)/ 
50% off (20 min)
30% on (12 min)/ 
70% off (28 min)
10% on (4 min)/ 
90% off (36 min)
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the stance phase of gait (See Appendix C for the complete Study Protocol Manual that includes a 
list of verbal and tactile cues used during overground training.).  
Participants completed five consecutive days of training.  The active intervention lasted 
approximately one and one-half hours and consisted of both treadmill based training including 
Baseline, TPAD and Post Training as well as the short interval of overground training 
reinforcing the components of the treadmill.   
3.4 Assessments 
3.4.1. Subject Characteristics. Demographic data were recorded for each participant 
including age, gender, time since stroke event and side of the body affected by stroke.  
Additionally, the Montreal Cognitive Assessment (MoCA) is a 30-point cognitive screening 
instrument was administered.  The MoCA has demonstrated reliability and validity in individuals 
post stroke, and normative values have been established (Larner, 2012; Rossetti, Lacritz, Cullum, 
& Weiner, 2011; Toglia, Fitzgerald, O’Dell, Mastrogiovanni, & Lin, 2011).  A score of is 
indicative of cognitive impairment (Rossetti et al., 2011).  The MoCA was used to assess 
presence and severity of cognitive impairment. The Functional Ambulation Category (FAC) 
scale objectively describes walking ability in a population of individuals post stroke, and was 
used in this study as a descriptor of baseline gait walking ability.  The FAC categorizes an 
individuals’ gait on a scale ranging from 0 – “Nonfunctional Ambulator” to 5- “Independent 
Ambulator on Level and Non-Level Surfaces”.  The reliability and validity of the FAC has also 
been established in neurologically impaired populations including stroke (Holden, Gill, 
Magliozzi, Nathan, & Piehl-Baker, 1984; Mehrholz, Wagner, Rutte, Meiβner, & Pohl, 2007). 
The Stroke Impact Scale (SIS) is a 16 item self-report scale used to describe the physical ability 
or function in individuals after stroke.  Its reliability and validity have been well established in 
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individuals post stroke (Duncan, Lai, Bode, Perera, & DeRosa, 2003; Edwards & O’Connell, 
2003; Lai, Perera, Duncan, & Bode, 2003).  The MoCA, FAC, and SIS were recorded at the 
initial Pre Test and are reported descriptively.     
3.4.2 Feasibility.  Feasibility was measured in terms of safety, tolerance and adherence.  
Measures of safety included number and severity of adverse events and/or severe adverse events 
including falls, severe fatigue requiring cessation of training, or other injuries related to TPAD 
training that occurred during study participation. Treatment tolerance was measured by Ratings 
of Perceived Exertion (RPE) using the modified Borg scale, which has been validated (Borg & 
Kaijser, 2006) and is commonly used in a population of individuals post stroke (Awad, Palmer, 
Pohlig, Binder-Macleod, & Reisman, 2015; Bishop et al., 2017; Danks, Pohlig, & Reisman, 
2016; Nadeau et al., 2013; Plummer et al., 2007; Reisman et al., 2013). As an additional measure 
of treatment tolerance, and in an effort to monitor physiological response to exercise, heart rate 
(beats per minute) was also recorded via the Polar H10 heart rate monitor as described above.   
Both RPE and heart rate (HR) measures were taken throughout the treadmill portion of training 
at each treatment session during Baseline, TPAD, Post Training and after completion of the 
overground portion of training.   As a measure of adherence, the number of completed visits was 
also recorded.  Participants who were not able to complete a minimum four out of the five 
training visits (80% adherence) were not be included in the final data analysis, but the number of 
visits is reported as a measure of feasibility.    
3.4.3 Efficacy.  Efficacy was evaluated in terms of improvements in load force symmetry 
on the treadmill after five training sessions (e.g. from Baseline Day 1 to Post Training Day 5 on 
the treadmill), and in stance symmetry as measured overground on completion of the 
intervention (e.g. from Pre Test to Post Test).  Other variables were also explored secondarily.  
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All outcome variables (feasibility and efficacy outcomes recorded on both the treadmill and 
overground) and the time points in which they were recorded are listed in Table 3.2.   
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Table 3.2.  All outcome variables and time points measured. 
Table 3.2 key for time points when variables are measured. 
1=Pre-Test; 2=OG Pre Intervention; 3=Baseline on treadmill; 4=Tethered TPAD 
Treatment; 5=Post Treatment on treadmill; 6=OG Post Intervention; 7= Post Test; 8=1-
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3.4.3.1 Load Symmetry.  To evaluate preliminary efficacy of the TPAD and faded visual 
feedback at reducing load asymmetry between the paretic and non-paretic limb, the dual-belt 
treadmill instrumented with bilateral force plates was used to capture load force for both the 
paretic and non-paretic limb.  These recordings were made during daily ambulation on the 
treadmill during both Baseline and Post Training periods.  Specifically, during the five-minute 
interval of Baseline on the treadmill, recordings were made between minute 0-1 (BL_time1), 
minute 2-3 (BL_time2), and minute 4-5 (BL_time3).  A mean value of the Baseline (mBL) 
intervals was calculated.  During the ten-minute Post Training interval on the treadmill, 
recordings were made at minute 0-1 (PT_time1), minute 3-4 (PT_time2), minute 6-7 (PT_time3), 
and minute 9-10 (PT_time4). Consistent with prior work in both healthy adults (Vashista, 
Agrawal, et al., 2013; Vashista, Reisman, et al., 2013) and individuals with stroke (K. Patterson 
et al., 2015; Vashista, 2015), force plates are commonly used to derive load force and calculate 
load symmetry (Hendrickson et al., 2014) in measures of both standing balance and gait. Similar 
to prior work (Bishop et al., 2017), symmetry ratios (paretic/non-paretic limb force measures) 
were calculated and comparisons made between Day 1 at Baseline (mBL) and Day 5 during Post 
Training.  Within day changes in load force symmetry were also assessed and reported for each 
day of the intervention.  
3.4.3.2 Stance Symmetry and Overground Gait Variables.  Overground stance symmetry 
was recorded along with other spatiotemporal gait parameters during a series of three, 10-meter 
walk tests (10MWT), using APDM® inertial sensors for data capture.  Inertial sensors use 
accelerometers, magnetometers and gyroscopes to capture and store three dimensional linear 
acceleration, angular velocity and directional orientation of movement (Washabaugh, 
Kalyanaraman, Adamczyk, Claflin, & Krishnan, 2017).  Wristwatch sized sensors were placed 
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around the arch of the foot, bilaterally, and around the waist at the level of the 3rd lumbar 
vertebra.  Data was captured using the associated Mobility Lab (APDM, Mobility Lab, Portland, 
OR, USA) software.  Algorithms for calculating spatiotemporal gait parameters captured by the 
APDM, Mobility Lab software are proprietary.  Once data was captured, it was exported to MS 
Excel® spreadsheets for data cleaning and further analysis. The APDM® sensors have been 
shown to be reliable and valid (Pearson’s correlations (0.92 < r < 0.99)) to measure 
spatiotemporal parameters of gait in healthy adults (Washabaugh et al., 2017) and have been 
used in a variety of patient populations including Parkinson’s disease and stroke (Bishop et al., 
2017; Block et al., 2016; Dobkin, 2013; Godinho et al., 2016; Mannini, Trojaniello, Cereatti, & 
Sabatini, 2016).   
Stance symmetry was measured by the amount of time spent in stance phase on both the 
paretic and non paretic limb, and a ratio of this time was calculated (paretic/non paretic time in 
stance phase of gait).  This measure was selected as the primary outcome of overground gait 
because of its high correlation with propulsive forces and gait speed (Balasubramanian et al., 
2007; Bowden et al., 2006; Hsiao et al., 2015). Additionally, a Minimal Detectable Change 
(MDC) value has been established for stance symmetry (0.09) in individuals after stroke (Lewek 
& Randall, 2011).  Prior to initiating the 10MWT, participants were instrumented with sensors, 
and assisted to the starting position.  A 14-meter path was marked and time was recorded with a 
stopwatch for the middle 10-meter segment. Pre Test measures of overground spatiotemporal 
gait parameters were performed on three separate days within a one-week period.  These 
measures were repeated before and after daily intervention sessions (OG Pre and Post 
Intervention).  Post Test measures were recorded after completing Day 5 of the intervention.  For 
this assessment, participants were given a short, seated rest break after training, and asked to 
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repeat the series of 10MWTs with the inertial sensors.  Participants again returned for a final 
Follow Up assessment one week after completing the intervention in which the 10MWTs were 
repeated.  
Additional outcome measures of overground gait were recorded simultaneously with 
stance symmetry and included:  1) time spent in double support phase of the gait cycle, 2) swing 
phase symmetry (time spent in swing phase of the non paretic limb/paretic limb), 3) stride length 
symmetry (stride length of paretic/non paretic limb), 4) stride length 5) stride velocity, and 6) 
gait velocity.   Prior work has indicated that spatiotemporal parameters of gait (percentage of 
time in stance and swing phase of gait, time in double support, stride length and stride velocity 
symmetry) are a direct result of insufficient loading onto the paretic limb (Balaban & Tok, 2014; 
G Chen et al., 2005b).  Further, spatiotemporal parameters and gait velocity have been directly 
correlated with propulsion forces generated by the paretic limb (reduced paretic limb loading 
leads to greater asymmetry and reduced gait velocity) (Balasubramanian et al., 2007; Bowden et 
al., 2006; Hsiao et al., 2015; K. Patterson et al., 2008).  Therefore, a treatment paradigm aimed at 
increasing paretic limb loading and thus improving load symmetry between the paretic and non-
paretic limb could result in improvements in these exploratory measures. MDC values have also 
been established for swing symmetry (0.26) and gait velocity (0.20) in a population of 
individuals after stroke (Lewek & Randall, 2011). 
The Berg Balance Scale (BBS) was used as a measure of functional balance.  The BBS is 
a well-established, reliable and valid measure of balance (Cronbach’s alphas = 0.92-0.98 for 
individuals after stroke) (Berg, Wood-Dauphinee, & Williams, 1995; Blum & Korner-Bitensky, 
2008), and is commonly used in a population of individuals after stroke (Duncan et al., 2011; K. 
Patterson et al., 2015; Roerdink & Beek, 2011; Stein et al., 2014; Tefertiller, Pharo, Evans, & 
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Winchester, 2011; van Meulen et al., 2016; Winstein et al., 2016).  MDC (6 points) values have 
been established for the use of the BBS in a stroke population (Blum & Korner-Bitensky, 2008; 
Stevenson, 2001).  The BBS is also recommended for use in individuals post stroke in the 
Guidelines for Adult Stroke Rehabilitation and Recovery (Winstein et al., 2016).  The BBS was 
completed at Pre Test, Post Test and Follow Up.  For sessions involving balance measures, 
instrumented sensors were removed on completion of the 10MWT, and the BBS was performed.  
Previous work has suggested a relationship between balance and gait asymmetry, but this 
relationship remains unclear (Hendrickson et al., 2014).   It is plausible that with increased 
loading of the paretic limb and improved symmetry between the paretic and non-paretic limb, 
that the base of support would be widened, and with this widened support, individuals would be 
able to shift weight between the two limbs.  This could provide a larger repertoire of movements 
and potentially result in improved balance.  Again, this relationship is unclear, and for this reason 
the BBS (raw score) was performed as a measure of balance in an effort to further explore the 
effects of the relationship of this intervention on balance.  
The duration of each Pre Test session was approximately 30 minutes to one hour.  
Participants repeated these overground measures on Post Test and once again at a one-week 
Follow Up.  
3.5 Statistical Analysis 
A detailed statistical analysis plan that outlines specific analysis for each variable has 
been prepared and is included in Appendix D.  In summary, there were three primary questions 
to be addressed, namely:  1) feasibility in terms of safety, tolerance and adherence, 2) 
preliminary efficacy as measured by load force symmetry from Baseline training Day 1 to Post 
training Day 5, and 3) preliminary efficacy of this intervention at improving stance time 
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symmetry from the mean of the Pre Test measures to Post Test.  Other, additional measures of 
gait and balance were also collected and exploratory analyses conducted to examine the extent of 
interventional effects as well as correlative relationships between these parameters.  Descriptive 
statistics (mean (SD)) are reported for age, gender, time since stroke event, side of impairment, 
MoCA, SIS, and FAC.  All statistical analyses were completed using SPSS for Mac, Version 24 
(IBM Corp©, SPSS Statistics, Chicago, Illinois).  The G*Power version 3.1.9.3 software for Mac 
(Heinrich Heine Universitat Dusseldorf) was used for sample size calculations for future work. 
3.5.1 Feasibility.  Feasibility was evaluated in terms of safety, treatment tolerance 
and adherence.   
Hypothesis 1: This intervention will be feasible in individuals post-stroke in terms of safety (as 
measured by severity and number of related adverse events), treatment tolerance (as measured by 
mean (SD) values of the maximum ratings of perceived exertion (RPE) ≤ 8), and adherence as 
measured by a mean adherence rate of 80%.  
Safety is reported as a summary of the number and severity of adverse events.  In terms 
of treatment tolerance, RPE and HR were recorded.  RPE is reported descriptively using mean 
(SD) values of the group RPE by training day.  Additionally, the percentage of age-predicted 
heart rate maximum (HRmax, 220-age) was calculated for each participant. Data is reported 
descriptively by group mean (SD) of HRmax by training day.   A repeated measures ANOVA 
was used to determine change of both RPE and HRmax, respectively over the course of the 
training.  Adherence rates were calculated as the number of sessions attended out of the total 
number of study sessions for each participant.  The mean adherence for the group of participants 
is reported.  
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3.5.2 Efficacy. Efficacy of both load force symmetry and stance symmetry were 
evaluated as primary outcomes. 
Hypothesis 2:  This intervention will result in significantly improved load force symmetry from 
Baseline Day 1 to Post Training Day 5 in individuals post-stroke.   
For this aim, symmetry ratios were calculated (paretic/non-paretic limb) from load force 
measures taken during gait on the treadmill recorded at the intervals previously described during 
Baseline Day 1 and Post Training Day 5.  A mean of the Baseline (mBL) intervals (BL_time1, 
BL_time2, BL_time3) was calculated and used for statistical comparisons.  Descriptive statistics 
(mean (SD)) are reported for mBL.  Descriptive statistics (mean (SD)) are also reported for each 
of the Post Training intervals (PT_time1, PT_time2, PT_time3, PT_time4).  Tests of normality 
were performed, and either a Wilcoxon Signed Ranks test or a paired t test was used to determine 
change after five treatment sessions by comparing mBL from Baseline Day 1 to Post Training 
Day 5 at each of the recorded time intervals, depending on normality of the data distribution. An 
alpha level was set at a p ≤ 0.05 level.  Effect size and 95% confidence intervals were also 
calculated with SPSS.  Effect sizes are reported in terms of partial eta squared and interpreted in 
accordance with guidelines (e.g. 0.00 to 0.20 is a small effect size, 0.40 to 0.60 is a moderate 
effect size, 0.80 or greater is a large effect size) (Richardson, 2011). 
As an additional exploratory analysis of load force, within day changes of load force 
were also evaluated.  Depending on normality of data distribution either a Wilcoxon Signed 
Ranks tests or paired t tests was used to compare same day mBL to each of the Post Training 
time intervals.  Test statistics of these within day changes are reported with associated alpha 




Hypothesis 3:  This intervention will result in improved stance time symmetry from Pre Test to 
Post Test in individuals post-stroke.  
This aim was addressed by first extracting the percentage of time spent in stance phase 
from inertial sensor data and calculating symmetry ratios (paretic/non-paretic limb).  Once 
symmetry ratios were calculated, the mean was taken of the three Pre Test measures.  This was 
done to minimize variability over the three days.  The group mean of the Pre Test measures was 
used in a one-way repeated measures analysis of variance (ANOVA) to evaluate for changes 
between Pre Test to Post Test to Follow Up.  Alpha level was set at p ≤ 0.05.  If significant, 
pairwise comparisons were also examined to determine at which interval the change occurred.  
Bonferroni corrections were used to adjust for multiple comparisons.  A 95% confidence interval 
and effect sizes were also calculated, and are interpreted as per recommended guidelines 
(Richardson, 2011).  Sample size calculations were made in preparation for future studies, and 
are also reported.  
As an additional exploratory analysis of stance symmetry, a linear regression model was 
created using change scores from the mean of the three Pre Test measures to OG Pre Intervention 
Day 1, within day changes for each of the five training days (e.g. OG Pre Intervention to OG 
Post Intervention for each day of training), and from Post Test to Follow Up.  Results of this 
regression model were used to determine the presence of a significant change over the course of 
the intervention.  An additional regression model was used to examine changes between OG Pre 
Intervention measures on each day of training (e.g. OG Pre Intervention Day 1 to OG Pre 
Intervention Day 2, etc.) and a separate model used to evaluate changes between each day on OG 
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Post Intervention (e.g. OG Post Intervention Day 1 to OG Post Intervention Day 2, etc.). Slope 
and associated alpha levels of each of the three regression models are reported.    
3.5.3 Exploratory Measures.  The remainder of overground spatiotemporal gait 
parameters (e.g. time in double limb support, swing time symmetry, stride length, stride length 
symmetry, stride velocity, and gait velocity) were recorded as detailed above.  Either a Wilcoxon 
Signed Ranks test or a one-way repeated measures ANOVA was completed to describe gains 
from Pre Test to Post Test to Follow Up.  Alpha level was again set at a p ≤ 0.05 level. Effect 
sizes and 95% confidence intervals were calculated and reported. Similar to stance symmetry, 
three separate regression models were used to evaluate change over the course of the treatment 
for each variable (e.g. OG Pre Intervention to OG Pre Intervention, OG Post Intervention to OG 
Post Intervention, and Pre Test to Follow Up) and results of these are reported.  Additionally, 
correlations were calculated between each of the exploratory spatiotemporal variables with 
stance symmetry. These are reported by Pearson correlation coefficients and are interpreted as 
per standard guidelines (e.g. |r| = 0.00 to 0.03 is a negligible correlation; 0.30 to 0.50 is a low 
correlation; 0.50 to 0.70 is a moderate correlation; 0.70 to 0.90 is a high correlation; and 0.90 to 
1.00 is a very high correlation) (Mukaka, 2012).  
Time spent in single limb support (SLS) was also collected in concert with other 
spatiotemporal gait measures, and a repeated measures ANOVA performed from the mean of the 
Pre Test measures, to Post Test and to Follow up as a post hoc analysis.  An alpha level was 
again set at p ≤ 0.05, and effect sizes were calculated with 95% confidence intervals.  This 
additional analysis was performed to determine whether participants spent significantly more 
time on solely the affected limb during the gait cycle after completing the intervention, and to 
better understand the contribution of SLS to stance symmetry.   
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An independent rater, blinded to testing order, scored the BBS.  Mean values of raw 
scores of the three Pre Test measures were taken to control for variability.  Pre Test, Post Test 
and Follow Up BBS scores were analyzed using a one-way repeated measures ANOVA to 
evaluate for significant change between the three time points.  An alpha level was again set at p 
≤ 0.05.  Effect sizes and 95% confidence intervals were also calculated and are reported.   
All statistical assumptions (e.g. normality of distribution, homogeneity and 
homoscedasticity) were checked prior to completing statistical analysis.  For variables that were 
not normally distributed (e.g. in load force symmetry, Day 5 mBL, Days 4 and 5 PT_time1, 
swing symmetry and stride length symmetry were not normally distributed), a Wilcoxon Signed 
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 IV.   Results - Subject Characteristics and Feasibility  
4.1 Subject Characteristics 
Of the 26 individuals contacted for participation, four elected not to participate either due 
to scheduling conflicts or long distance to travel, two reported other recent medical issues 
interfering with ability to complete study requirements, and eight did not meet criteria for 
inclusion.  Twelve individuals were enrolled for participation in the study.  After reviewing all 
study procedures, risks and benefits of the study and answering questions, written informed 
consent was obtained. Of the 12 individuals enrolled, one subject withdrew due to unrelated 
nausea issues prior to initiating training and elected not to return, and 11 participants completed 
the study.  Figure 4.1 presents the CONSORT flow diagram.  
FIGURE 4.1 CONSORT flow diagram 







• Not meeting inclusion criteria (n=8)
• Declined to participate (n=4)
• Other reasons (n=2)











Of the 11 participants that completed the study, the mean (SD) age was 50.18 (11.08) 
years, with age ranging between 24 to 63 years and a median age of 52 years.  The mean (SD) 
number of months since stroke event was 71.24 (46.70), with a range between 9.30 and 128.87 
months.  Six of the 11 participants were male (five female).  The left side was primarily affected 
for seven of the participants (four were right side affected).  In the FAC scale, eight of the 11 
participants were classified as a Category Five (independent navigating level and non-level 
surfaces), two were classified as a Category Four (independent navigating level surfaces only), 
and one participant as a Category Three (requires supervision level assist for navigating level 
surfaces).   Nine of the participants scored ≥ 26 on the Montreal Cognitive Assessment (MoCA) 
indicating no cognitive impairment.  One participant scored a 24 and another a 25 on the MoCA, 
indicative of mild cognitive impairment.  As a measure of perceived quality of life, the mean 
(SD) SIS score of the 11 participants was 64.45 (10.70). Table 4.1 summarizes the participant 






















Table 4.1.  Characteristics of study population. 
Characteristics of each participant (n = 11) at onset of study participation.  Mean (SD) also 




Age             
(in years) Months since CVA FAC 
MoCA     
(raw score) 
SIS                 
(raw score) 
01 M 60 128.87 5 26 62 
02 F 63 90.60 5 29 73 
03 M 24 126.43 5 29 77 
05 F 52 114.00 5 29 66 
06 M 61 98.33 5 30 75 
07 F 57 17.50 5 29 75 
08 M 45 9.30 4 24 46 
09 F 52 38.67 4 25 68 
10 F 50 100.93 5 30 63 
11 M 46 16.20 3 26 55 
12 M 42 42.77 5 26 49 
Mean 
(SD) 6M / 5F 
50.18 
(11.08) 
71.24 (46.70)            
Range 9.30 - 128.87 
8 = Cat 5  
2 = Cat 4  
1 = Cat 3 
27.55 (2.16)        
Range 24-30 
64.45 (10.70)     





Feasibility is reported in terms of safety, treatment tolerance and adherence.   
4.2.1 Safety.  No adverse events or serious adverse events were experienced during the 
course of this study.  
4.2.2 Treatment Tolerance.  The mean (SD) of RPE taken throughout daily training 
sessions was used as the primary measure of treatment tolerance.  The group mean (SD) RPE 
over the five-day intervention was 3.61 (0.23).  The group mean (SD) by training day is reported 
in Table 4.2.  A repeated measures ANOVA showed no difference in RPE between days of 
training (p > 0.05).  As an additional measure of treatment tolerance, the group mean (SD) of the 
percentage of age-predicted HRmax over the course of the five-day training was 55.96 (1.46).  
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Similar to RPE, there was no difference in the percentage of HRmax over the course of training 
(p >0.05).  The group means (SD) for each day of training are reported in Table 4.3.   
 
Table 4.2 Group means (SD) with daily mean ranges of the RPE reported by training day 






Day 1 3.76 (1.39) 2.38 - 6.38 
Day 2 3.96 (1.27) 1.63 - 6.14 
Day 3 3.56 (1.50) 1.63 - 6.50 
Day 4 3.63 (1.06) 2.00 - 5.00 
Day 5 3.16 (0.95) 1.38 - 4.38 
Mean 3.61 (0.23)   
 
Table 4.3 Group means (SD) with daily mean ranges of the age-predicted percentage of 











Day 1 54.72 (10.87) 41.47 - 73.47 
Day 2 58.21 (13.39) 38.32 - 84.71 
Day 3 57.23 (11.81) 42.35 - 76.43 
Day 4 55.33 (9.96) 39.56 - 75.31 
Day 5 54.32 (9.87) 39.41- 70.06 
Mean 55.96 (1.46)   
 
4.2.3 Adherence.  There were a total of nine study visits to be completed by each 
participant, three Pre Test assessments, five days of training and one Follow Up visit.  Of the 
eleven participants who completed the study, nine completed all study visits (100% adherence) 


























V.   Results - Efficacy 
5.1 Treadmill Measures 
 5.1.1 Load Force Symmetry.  On normality testing, Days 4 and 5 early Post Training 
(PT_time1) and Day 5 Baseline (mBL) data were not normally distributed; therefore, a Wilcoxon 
Signed Ranks test was used in lieu of a paired t test for analyses involving these data sets.  All 
other data were normally distributed.  The mean (SD) Baseline (mBL) load force symmetry for 
all intervals recorded during the Baseline period on the treadmill during Day 1 of training was 
0.71 (0.09).  Results from treadmill recordings on the completion of five treatment sessions 
yielded a mean (SD) during early Post Training (PT_time1) of 0.83 (0.23), to 0.82 (0.19) at 
PT_time2, to 0.79 (0.14) at PT_time3 and to 0.81 (0.19) at late Post Training (PT_time4) on Day 
5.  On statistical comparison, the mean change from Day 1 mBL to Day 5 PT_time1 was not 
statistically significant (p >0.05).   Confidence intervals and effect sizes are reported in Table 
5.1.  Comparisons of Day 1 mBL values to subsequent Day 5 Post Training intervals (PT_time2, 
PT_time3, and PT_time4) likewise, were not statistically significant (p>0.05).  See Table 5.1 for 
a list of each of the comparisons (Day 1 mBL to each of the Post Training intervals) with 
corresponding change in load force symmetry ratio, t/Z statistic, p values, 95% confidence 
intervals and effect sizes.  Additionally, Figure 5.1 graphically represents the change from the 










Table 5.1. Load force symmetry at Day 1 mean Baseline to Day 5 at each of the Post 
Training intervals. 
Mean (SD) values for Day 1 mean Baseline (mBL) and each of the Post Training intervals 
(PT_time1, PT_time2, PT_time3, PT_time4) on Day 5. Comparisons were made between the 
mBL and each of the PT intervals and are also included with corresponding t/Z statistic, p values, 






Mean (SD) t/Z Value p value 
Mean 
Effect 
Estimate 95% CI 
Partial     
Eta Sq 
Day1 mBL 0.71 (0.09) 		 		 		 		 		
Day5 PT_time1 0.83 (0.23) Z = 1.778 p = 0.075 0.124 (-0.027, 0.276) 0.251 
Day5 PT_time2 0.82 (0.19) t = 2.134 p = 0.059 0.112 (-0.005, 0.229) 0.313 
Day5 PT_time3 0.79 (0.14) t = 2.157 p = 0.056 0.087 (-0.003, 0.177) 0.318 
Day5 PT_time4 0.81 (0.19) t = 2.032 p = 0.070 0.103 (-0.010, 0.217) 0.292 
 
 
FIGURE 5.1.  Load force symmetry ratios from Day 1 mean of Baseline (mBL) values to 






Results of within day comparisons on each of the training days demonstrated a 
statistically significant reduction in symmetry on Day 3 (-0.03) of training, (t = -2.757, p= 
0.025), with an effect size of 0.487, and a 95% confidence interval ranging (-0.056, -0.005).  No 
significant change in symmetry was achieved on any other day of training (p >0.05).  Table 5.2 
provides detailed mean (SD) values for each of the intervals measured during Baseline and Post 
Training on each day of training.  Associated t/Z statistic, p values, 95% confidence intervals and 
effect sizes are also included.    
Table 5.2. Mean (SD) load force symmetry on each day of training and within day changes.   
Values for mean Baseline (mBL) and at each time interval for Post Training (PT_time1, 
PT_time2, PT_time3, and PT_time4) on each day of training.  Mean change between mBL and 
PT_time1 is also included.  Associated t/Z statistic for the change between mBL to PT_time1 are 
included with respective p values, effect estimates, 95% confidence intervals and effect sizes.  
 
 
* denotes statistical significance at p < 0.05 
   
 
	
Day 1 Day 2 Day 3 Day 4 Day 5 Mean
mBL 0.71 (0.09) 0.73 (0.09) 0.79 (0.10) 0.77 (0.10) 0.79 (0.19) 0.76 (0.04)
PT_time1 0.72 (0.07) 0.75 (0.10) 0.75 (0.09) 0.82 (0.22) 0.83 (0.23) 0.77 (0.05)
PT_time2 0.73 (0.10) 0.75 (0.11) 0.78 (0.09) 0.83 (0.23) 0.82 (0.19) 0.78 (0.04)
PT_time3 0.71 (0.07) 0.75 (0.10) 0.79 (0.10) 0.80 (0.17) 0.79 (0.14) 0.77 (0.04)




0.01 0.02 -0.03 0.05 0.04 0.02
t/Z Value t = 0.692 t = 0.991 t = - 2.757 Z = - 0.800 Z = - 0.153
p value p = 0.505 p = 0.345 *p = 0.025 p = 0.424 p = 0.878
Mean Effect 
Estimate
0.013 0.017 -0.031 0.052 0.037
95% CI (-0.029, 0.054) (-0.021, 0.055) (-0.056, -0.005) (-0.054, 0.158) (-0.037, 0.111)
Partial      
Eta Sq
0.046 0.089 0.487 0.107 0.110
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5.2 Overground Measures  
5.2.1 Stance Symmetry.  Statistical assumptions were met, and results of a one-way 
repeated measures ANOVA demonstrated a significant main effect (F=8.498, p = 0.002) between 
mean Pre Test measures recorded during week one, prior to initiating the intervention to Post 
Test on completion of the intervention, and to the one-week Follow Up, with a 95% confidence 
interval ranging (0.005, 0.096) and an effect size of 0.459.  A Bonferonni correction was used, 
and pairwise comparisons revealed a significant effect between the mean of the three Pre Test 
measures to Post Test (p = 0.028), but no statistically significant difference between Pre Test and 
Follow Up.  A group mean (SD) gain of a 0.05 (0.05) was demonstrated in stance symmetry 
from Pre Test to Post Test; however, this gain was reduced to a net 0.02 gain from Pre Test to 
Follow Up.   
Results of a regression analysis showed no significant change between daily measures 
recorded prior to training (e.g. OG Pre Intervention Day 1 to OG Pre Intervention Day 2, etc.), or 
for measures recorded after daily training (e.g. OG Post Intervention Day 1 to OG Post 
Intervention Day 2, etc.) (p >0.05).  In contrast, there was a significant effect of training noted 
from within day changes (e.g. OG Pre Intervention Day 1 to OG Post Intervention Day 1, etc.) 
over the time course of the intervention (p = 0.027), with a positive slope of 0.002 between time 
points.  See Figure 5.2 for a graphical representation of stance symmetry over the course of the 
intervention.  See Table 5.4 for a summary of mean (SD) values at time points used for statistical 










FIGURE 5.2.  Daily mean stance symmetry at each day of the intervention.  
Points represent the mean of the three days of Pre Test, to OG Pre/Post Intervention each day, 
and Follow Up.   
 
 
Sample size calculations for future studies were made using mean (SD) and effect size 
values from Pre Test to Post Test of overground stance symmetry. A total of 14 participants 
would be required to demonstrate change at a level of 80% statistical power.    
5.2.2. Exploratory Measures.   Correlations were calculated between stance symmetry and each 
of the other spatiotemporal gait parameters.  Significant positive correlations were noted between 
stance and swing symmetry, stance symmetry and stride length, and stance symmetry and stride 
velocity.  Significant negative correlations were demonstrated between stance symmetry and 
double limb support and between stance symmetry and gait velocity. See Table 5.3 for each of 
the gait parameters correlated with stance symmetry and the corresponding correlation 

































































*p = 0.027, 
slope = 0.002 * 
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Table 5.3. Correlations between stance symmetry and other spatiotemporal gait 
parameters.   
 
Variables Tested r p value 
Swing Symmetry 0.894 p = 0.01 
Double Limb Support -0.314 p = 0.01 
Stride Length 0.472 p = 0.01 
Stride Velocity 0.492 p = 0.01 
Gait Velocity -0.446 p = 0.01 
 
On tests of normality, swing symmetry and stride length symmetry were not normally 
distributed, so a Wilcoxon Signed Ranks test was used.  There was a significant difference in 
swing symmetry between mean Pre Test to Post Test (Z = -2.223, p = 0.026) and Post Test and 
Follow Up (Z = -2.490, p = 0.013), but not between mean Pre Test and Follow Up (p >0.05). 
Confidence intervals and effect sizes are reported in Table 5.4.  Similar to stance symmetry, on 
regression analysis, no significant changes were noted between time points recorded prior to 
daily intervention, nor on time points recorded after daily intervention; however, significant 
changes were noted within day of treatment over the course of the intervention (p = 0.023, slope 
= 0.004).  See Figure 5.3.  No significant changes were noted between Pre Test, Post Test, and 
















 FIGURE 5.3.  Daily mean swing symmetry at each day of the intervention.   
Points represent the mean of the three days of Pre Test, to OG Pre/Post Intervention each day, 
and Follow Up.   
 
 
Other spatiotemporal gait parameters including double limb support, stride length, stride 
velocity, and gait velocity demonstrated a normal distribution and other statistical assumptions 
were met, therefore a one-way repeated measures ANOVA was performed.  Results showed no 
significant difference between values of the mean of the Pre Test measures to Post Test to 
Follow Up for any of the other variables.  Similarly, regression analyses showed no significant 
changes between the time points measured prior to daily intervention, after daily intervention, 
nor within daily interventions for any other spatiotemporal variables.    
On post hoc analysis of single limb support, no significant change was noted from the 
mean of the Pre Test measures to Post Test to Follow Up (p > 0.05).  A 95% confidence interval 
ranged (-0.991,2.204) with an effect size of 0.071.  See Table 5.4 for group means (SD) at Pre 
Test, Post Test and Follow Up. 
Correlations between stance symmetry and the Berg Balance Scale demonstrated a 
positive correlation (r = 0.401, p = 0.05).  Results of a one-way, repeated measures ANOVA of 

































































*p = 0.023, 
slope = 0.004 
* 
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intervention for balance (p > 0.05).  All primary and additional exploratory spatiotemporal gait 
parameters are listed in Table 5.4 with associated means (SD), F/Z statistic, p values, confidence 
interval values and effect sizes.  See Table 5.4.  
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Table 5.4.  Spatiotemporal gait parameters with F/Z Statistic, confidence intervals and 
effect sizes.  
Values at Pre Test, Post Test and Follow Up represent group means (SD).  Pre Test values 




* denotes statistical significance at p <0.05 
Group gains in stance symmetry from Pre Test to Post Test did not meet the minimal 
detectable change (MDC) previously established at 0.09 (Lewek & Randall, 2011).  On 
individual participant analysis, four of the eleven participants did exceed this threshold.  None of 
these participants were able to sustain these gains through to Follow Up.  In swing symmetry, the 
























F = 8.498 p = 0.002* 0.051 (0.005, 0.096) 0.459
Swing 








Z = -2.223 p = 0.026* 0.071 (0.006, 0.137) 0.433
Double Limb 








F = 3.237 p = 0.061 2.494 (-1.160, 6.148) 0.245
Single Limb 


















Z = -0.356 p = 0.722 0.014 (-0.048, 0.076) 0.102








F = 0.859 p = 0.399 0.042 (-0.109, 0.192) 0.079








F = 0.456 p = 0.640 0.004 (-0.125, 0.133) 0.044
10MWT Gait 
Velocity         
(m/sec)
0.56   
(0.22)
0.57   
(0.20)
0.59   
(0.25)
F = 0.383 p = 0.687 0.017 (-0.113, 0.146) 0.037
Berg Balance 







(4.69) F = 1.222  p = 0.316 1.091 (-1.814, 3.996) 0.109
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met this threshold.  Group MDC thresholds were not met for any other spatiotemporal parameter.  
One of the eleven participants demonstrated a reduction in gait speed sufficient to meet the MDC 






















Discussion and Conclusion 
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VI.   Discussion and Conclusion 
6.1 Discussion 
The purpose of this study was to evaluate the feasibility of a five-day intervention 
combining the TPAD with faded visual feedback and overground training in terms of safety, 
tolerance and adherence.  In addition, preliminary efficacy of this intervention was examined in 
regards to improving both load force symmetry as measured on the treadmill and stance 
symmetry recorded during overground gait in individuals with chronic stroke.  
6.1.1 Feasibility.  In terms of feasibility, we hypothesized this intervention would be 
feasible in terms of safety (as measured by severity and number of related adverse events).  We 
also hypothesized that the mean (SD) values of the maximum ratings of perceived exertion 
(RPE) would be ≤ 8 as a measure of treatment tolerance, and study participants could achieve a 
mean adherence rate of at least 80%.  
Consistent with prior work utilizing the TPAD as a robotic treadmill training tool (Bishop 
et al., 2017; Vashista, 2015), this intervention pairing the TPAD with faded visual feedback and 
task specific overground training over five consecutive days was shown to be feasible in terms of 
safety, tolerance and adherence.  It is plausible that no issues in safety were encountered in this 
study due to the influence of the high physical ability of the study participants.  Eight of eleven 
participants were independent community ambulators, classified by the highest FAC level, at 
study onset.  Individuals with a higher impairment level, who may not be as independent in 
walking could have experienced more issues with safety, such as falls events or fatigue limiting 
participation.  Nevertheless, the three participants in this study with lower FAC levels (FAC 
three and four) experienced no safety related adverse events.   
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Results of RPE, the primary measure of exercise tolerance in this study, indicated a 
‘moderate’ level of exercise intensity was achieved for each of the five training days (Borg & 
Kaijser, 2006).  In contrast, percentages of age-predicted HRmax signified a ‘very light’ exercise 
intensity as per American College of Sports Medicine (ACSM) guidelines (Garber et al., 2011). 
While RPE measures take into account fatigue or effort from the total body (e.g. use of the legs 
during gait), HRmax primarily measures solely cardiovascular exertion.  It is possible that 
individuals post stroke perceive and therefore report higher overall exertion via RPE during 
performance of physical activities, such as treadmill walking.  This higher perceived exertion 
comes as a direct result of the need to overcome motor impairments to perform activities (Awad 
et al., 2015), and is particularly apparent when the paretic limb plays a greater role in the motor 
task than does the corresponding non paretic limb, such as the type of training facilitated with 
this intervention.  Heart rate can condition to this added effort over time, yet the perceived effort 
may remain high for the involvement of the paretic limb in the motor task.  This could lead to a 
disparity between these measures.  While this disparity of intensity categorization is not entirely 
clear, both RPE and HRmax values agree in demonstrating that aerobic levels of exercise were 
not reached during this training paradigm.  Nonetheless, the goal of this intervention was not 
aimed at achieving an aerobic intensity.    
 The high physical ability level of participants could have also influenced the adherence 
rate noted in this study.  Participants in this study were able to achieve a high adherence rate 
(96.4%).  Individuals with greater physical impairment could experience levels of fatigue that 
would require longer durations of rest extending through days of intervention and thereby 
impede their ability to adhere to the frequency of study visits in this protocol.  In addition to 
physical ability, recruitment could have also biased the adherence rates in this study sample.  
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Participants of this study were recruited from a voluntary research registry or by word of mouth, 
and individuals who are highly motivated may have self-selected to participate.  A random 
sample of individuals in the chronic period after stroke could have demonstrated less overall 
motivation, and possibly not achieved this level of adherence to study procedures.  
6.1.2 Efficacy. There were two primary hypotheses tested in terms of preliminary 
efficacy.  In respect to load force, we hypothesized this intervention would result in significantly 
improved load force symmetry from Baseline Day 1 to Post Training Day 5 in individuals post-
stroke.  However, this intervention was not statistically effective at increasing load force 
symmetry over the course of the five training sessions.   
Initial work with the TPAD showed significant gains in impulse forces over the course of 
a single day treatment (Vashista, 2015).  A separate series of two case studies also showed 
improvements in load symmetry over a five-day intervention; however, due to the nature of the 
single subject study design, statistical analyses were not used (Bishop et al., 2017).  It is 
plausible that in the study presented here, results of force symmetry were not statistically 
significant and effect sizes remained small due to the relatively large standard deviations that 
occurred during Post Training on Day 5.   Variability in movement dynamics is typically higher 
during the early stages of learning while individuals are acquiring a motor skill (Gentile, 1998; 
Muratori et al., 2013).  Despite stroke, individuals retain the ability to learn a motor task, yet 
often require a longer time, or increased practice for this learning to occur as compared to 
healthy counterparts (Kitago & Krakauer, 2013).  Possibly, the high variability in Post Training 
is due to the short duration of the training period in this study (one week), and with continued 
practice the movement dynamics would become less variable.  Sample size calculations further 
suggest this study was underpowered to achieve a statistically meaningful change in load force.  
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In addition, the action of the TPAD during training was aimed at directly increasing load onto 
the paretic limb by facilitating a weight shift toward the paretic side.  Secondarily, we anticipated 
gains in overground stance symmetry.  Therefore, the significant gains noted in stance symmetry 
do suggest an effect of this intervention on load force symmetry.   
The second hypothesis of preliminary efficacy concerned stance symmetry during 
overground walking.  The hypothesis predicted the intervention would result in improved stance 
time symmetry from Pre Test to Post Test in individuals in the chronic period post-stroke.  Even 
though force symmetry did not demonstrate statistically significant improvements, participants 
did show significant gains in both stance and swing symmetry overground, which finding lends a 
seminal contribution to treadmill based robotic training literature.  
Similar to learned non use of the upper limb after stroke, compensatory strategies of the 
paretic lower limb often result in its decreased use during gait (Balaban & Tok, 2014; 
Balasubramanian et al., 2007; Bowden et al., 2006; G Chen et al., 2005b; Chu et al., 2015; von 
Schroeder et al., 1995).  Intensive training paradigms, such as constraint induced movement 
therapy (CIMT) for the upper limb compel the user to take an active role in utilizing the paretic 
limb in training tasks, and these treatments have proven to be effective (Gauthier et al., 2008). 
Likewise, treadmill based robotic interventions are able to provide training at an intensity greater 
than can be achieved in conventional care (Calabrò et al., 2016; Chang & Kim, 2013; Hesse, 
2008).  But due to control strategies (Marchal-Crespo & Reinkensmeyer, 2009) that relegate the 
user to a passive role, the efficacy of these treatment paradigms is limited (Lo, 2012; Sale et al., 
2012; Schwartz & Meiner, 2015; Stein et al., 2014).  The TPAD, though providing a passive 
guided assist to facilitate a weight shift, compels use of the paretic lower limb while allowing the 
user to play an otherwise active role in training.  
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Further, force generation and the manipulation of these forces during movement 
execution, such as weight shifting during gait, typically occur as an implicit process, or one the 
individual is not overtly aware of (Gentile, 1998). Researchers have argued that with disorders of 
the central nervous system, the body reorganizes based on environmental demands to perform 
the motor task in a stable attractor state, or a movement pattern that maximizes energy efficiency 
(Latash & Anson, 1996).  Even in the wake of disorders such as stroke, force processes such as 
weight shifting during gait remain implicitly learned (Gentile, 1998).  In this study, weight 
shifting is made into an explicitly learned task with the use of the guided assistance from the 
TPAD.  In individuals in the chronic period after stroke, compensatory strategies have repeatedly 
been practiced and are well established.  Thus, it is plausible that these individuals are likely 
unable to detect and mitigate load force errors (Schmidt, 1991) in these maladaptive strategies, 
and therefore would require explicit feedback (such as was provided by TPAD tethers and 
visually) to draw attention to the errant movement.  In turn, this explicit feedback provides the 
necessary information to create a new model of gait that does not employ these compensatory 
strategies, and facilitates a motor adaptation, or a short-term change to the motor skill (e.g. gait).   
This is particularly true during the early stages of learning.  Explicit feedback can be 
reduced later in the learning process to facilitate the task performance becoming more implicit in 
nature, or more automatically performed.  This allows an appropriate challenge point to be 
maintained throughout the learning process (Guadagnoli & Lee, 2004; Wulf & Lewthwaite, 
2016).  With extended practice, the internal model is updated and the motor adaptation of a 
symmetrical gait pattern is refined into a more efficient attractor state (Latash & Anson, 1996; 
Reisman et al., 2010), resulting in a permanently altered motor pattern (Reisman et al., 2010).   
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Other treadmill training models have focused on improving step length asymmetry and 
have proved useful at employing short term adaptations to induce gains that transfer overground, 
which gains have been sustained through the follow up period (Helm & Reisman, 2015; Reisman 
et al., 2010, 2013).   These models pair a task specific overground component to training with the 
treadmill paradigm in a combined interventional approach similar to the one used in this study.  
To date, even though gains in load force have been achieved on the treadmill, no work has 
succeeded at facilitating a transfer to overground spatiotemporal gait parameters (Bishop et al., 
2017; Vashista, 2015).  The pairing of treadmill-based training with tenets known to be effective 
to enhance motor learning, specifically the integration of a task-specific overground training 
component is perhaps the missing link that induces change away from compensatory gait 
strategies and bridges the gap to facilitate a transfer from the treadmill to overground.  
Nevertheless, without a direct comparison a definitive conclusion cannot be drawn.   
Further, participants in this study were unable to sustain these gains through the one-
week Follow Up period.  Similar to the discussion presented above, individuals after stroke 
require a longer duration or greater practice intensity for true learning to occur (Kitago & 
Krakauer, 2013). It is possible that with a more long-term intervention (e.g. over four to six 
weeks) as is typical in both gait and robotic interventions (Duncan et al., 2011; Helm & 
Reisman, 2015; Hornby et al., 2008; Li et al., 2015; Sale et al., 2012; Stein et al., 2014; 
Tefertiller et al., 2011; Westlake & Patten, 2009) that participants would have experienced 
sufficient practice for a true learning effect, and the benefits of this intervention could be 
maintained through a follow up period. 
The exploratory analyses conducted in this study also revealed interesting findings.  Prior 
work with the TPAD had shown gains in load force primarily resulting from increased time spent 
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in double limb support (Vashista, 2015).  However, here time spent in double support did not 
show significant gains, suggesting that the current intervention might have had a larger effect 
during single limb support of the paretic limb. A post hoc analysis investigated this further, yet 
results were comparable to those of double support were not statistically significant.  
Additionally, effect sizes for both double and single limb support were small.  Given these 
findings, it is plausible that the improvements in stance symmetry resulted from a composite of 
both double and single limb support and not primarily from a single metric.  This finding is an 
indication that this intervention was more successful at reducing the alternative, adverse 
compensatory mechanisms such as increased time in double support from occurring. 
Other literature in stroke has shown relationships between propulsive, or load forces of 
the paretic limb, time in stance phase on this limb (e.g. improved symmetry), and gait velocity 
(Balasubramanian et al., 2007; Bowden et al., 2006; Hsiao et al., 2015; K. Patterson et al., 2008).  
The goal of this intervention was to increase loading on the paretic limb with a concomitant 
transfer to improvements in overground stance symmetry.  There was no direct focus of this 
intervention to target gait velocity.  However, because prior work had demonstrated a trade off 
between velocity and stance symmetry, namely that velocity is sacrificed to maintain symmetry, 
or symmetry to maintain velocity (Balasubramanian et al., 2007; Hsiao et al., 2015; K. Patterson 
et al., 2008), gait velocity was explored.  The low negative correlation between stance symmetry 
and gait velocity demonstrated here hints at this relationship.  Yet, final results did not illustrate 
this trade off.  Significant improvements were demonstrated in both stance and swing symmetry, 
however gait velocity was maintained.  While there were no significant improvements in gait 
velocity, it did not decline, and effect sizes were small.  Similar to double support, these findings 
suggest this intervention was effective at promoting restorative gains (e.g. improvements in 
	 73	
stance symmetry) without contributing to other confounding, less desirable strategies.  Further, 
this suggests that participants in the chronic period after stroke may indeed be able to learn 
restorative movements without a trade off of reduced functionality, which belief is disputed in 
the literature (Krakauer, 2006; Zeiler & Krakauer, 2013).  
Like other robotic-based gait interventions (Helm & Reisman, 2015; Stein et al., 2014; 
Westlake & Patten, 2009), this work targeted individuals in the chronic stage post stroke.  Even 
though the window of enhanced neuroplasticity generally closes after three to six months 
(Krakauer, 2006; Krakauer et al., 2012; Lang et al., 2016; Nudo, 2013; Warraich & Kleim, 2010; 
Zeiler & Krakauer, 2013), individuals in the chronic stroke phase have demonstrated the ability 
to learn or relearn motor skills (Kitago & Krakauer, 2013; Reisman et al., 2007; Scheidt & 
Stoeckmann, 2007; Winstein et al., 1999).  Results of this work further support this claim.  
Participants were able to effectively demonstrate improvements in stance symmetry.  Further, 
these gains in stance symmetry illustrate the ability of individuals to transfer skills from the 
treadmill to overground metrics.   
In comparing these findings to the concept of an internal model, it is possible the ability 
to make this transfer is indicative of the model becoming more flexible and its ability to adapt to 
different environmental contexts, or rather that long-term learning of the motor task (e.g. 
symmetrical gait) is beginning to occur.  This reinforces the idea that similar to healthy persons, 
individuals in the chronic period post stroke are indeed capable of learning and making lasting 
changes, but interventions must be practiced for a duration and at an intensity sufficient to yield 
lasting gains.  As time from stroke increases, so do the development of and reliance on 
compensatory strategies (K. Patterson et al., 2010).  On this point, the participant 9.3 months out 
from stroke (the participant earliest from stroke event) made a 14.49% gain in stance symmetry, 
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a 48.17% gain in swing symmetry, and a 72.34% gain in gait velocity.  No other single 
participant was able to achieve gains of this magnitude over multiple outcomes.  While it is 
unclear that the source of these gains were directly due to time out from stroke, it is likely 
participants further removed from time of stroke event would require a longer duration and/or 
higher intensity of training to achieve similar gains. This conceptual internal model of 
compensatory movements has been practiced and further reinforced as time from stroke event is 
increased.  Rehabilitative efforts effective in facilitating movement patterns that are restorative in 
nature (e.g. improved gait symmetry) could possibly interrupt the further development, practice, 
and reliance on compensatory strategies (Huang & Krakauer, 2009; Kitago & Krakauer, 2013; 
Krakauer et al., 2012; Zeiler & Krakauer, 2013), and thus maximize function of these individuals 
in their community.  Restorative interventions, however, must provide feedback necessary for an 
individual to be able to recognize errors as well as a sufficient practice intensity of movements 
that are more efficient than those which are compensatory in nature to shape and reinforce a new 
internal model.  Further, to reverse or eliminate compensatory movement strategies restorative 
interventions should consider an integrative piece to training that allows individuals the ability to 
access and practice the restorative movements in a salient environment (Dobkin, 2017).  In other 
words, the benefit of restorative movement patterns must outweigh the cost of compensations to 
truly provide a permanent functional change, or for long-term learning to occur.  
Lastly, the secondary effects of this intervention on balance were explored.  Even though 
improvements in balance as a result of increased loading and an increased ability to weight shift 
onto the paretic limb have been shown in earlier work (Tsaklis et al., 2012), no significant 
improvement in balance was demonstrated here.  It is plausible that even though gains were 
made in stance symmetry with this intervention, these gains were insufficient to further transfer 
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to improvements in balance as measured by the BBS.  In addition, the BBS is not designed 
specifically to measure dynamic balance, or balance during gait tasks (Berg et al., 1995).  It is 
therefore possible that gains were made in dynamic balance such as during gait but the BBS did 
not capture these improvements, and thus overall significant gains in the BBS were not achieved.  
Other measures specifically targeting balance during gait could be better suited to detect balance 
changes in this intervention; however, there are limited outcome measures designed for 
individuals after stroke that quantify dynamic balance during gait.  More outcomes aimed at 
measuring dynamic balance are needed in this population.   
6.2 Limitations 
 There were a number of limitations in this study.  The single arm cohort design is useful 
to establish feasibility and examine preliminary efficacy (Eldridge et al., 2016), which by design 
explores whether or not future work should be undertaken to further investigate a research idea 
or treatment.  The goal of this work was, likewise, to determine whether continued research of 
the TPAD with tenets that enhance learning would prove useful for individuals in the chronic 
stage after stroke.  This design is not suitable for comparisons, nor is it appropriate to adequately 
explain contributions to treatment effects.  In this capacity, it limits the generalizability of the 
results, and future work should implement randomized designs that further explore the 
contributing components to efficacy of this treatment paradigm.   
Additionally, the sample size used in this study was small, and participants were chosen 
from a convenience sample of individuals previously subscribed to a research registry or other 
individuals volunteered after learning about the study via word of mouth.  The voluntary nature 
of these participants could positively bias results of feasibility.  Individuals chosen at random 
from the community potentially would not have the motivation to tolerate, nor adhere to an 
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intervention as intense as the one described here.  Further, the sample size used in this study is 
not sufficient to adequately generalize the results of this intervention to the population of 
individuals in the chronic period post stroke on the whole.   
Lastly, the short duration of the training portion of the intervention (one week) possibly 
contributed to the modest gains in stance and swing symmetry and resultant limited transfer of 
effects to spatial gait parameters, velocity and balance.  An intervention designed to provide this 
intensity of treatment (one and one half hours, five days per week) for a longer interval (e.g. over 
four or six weeks) would likely not be sustainable for a four to six week duration due to the 
potential for fatigue and/or for logistical conflicts.  However, it is plausible that training two or 
three days a week for a longer duration (e.g. over a four or six week interval) could mitigate 
fatigue effects and also allow individuals a greater opportunity to practice movements 
maximizing the use of the paretic limb both on the treadmill and overground.  This design has 
been used in other robotic based gait interventions (Duncan et al., 2011; Stein et al., 2014; 
Tefertiller et al., 2011).   
Additionally, in order for permanent neuroplastic changes in motor behavior to occur, 
individuals must continually practice and reinforce learned skills.  The concept of the internal 
model must be practiced to develop flexibility of movement patterns that apply in varying 
environmental contexts.  This takes time to occur.  It is likely that the five-day nature of this 
intervention was inadequate to truly facilitate neuroplastic changes at the level of the cortex.  
Future work should consider an intervention incorporating the tenets of motor learning applied 
over multiple weeks of training.  This could, in turn, facilitate larger gains in stance and swing 
symmetry and lead to transfer in other metrics such as spatial gait parameters, velocity and 
balance.  Further, the short-term Follow Up used in this study does not adequately describe 
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learning effects.  Learning is characterized by the ability to sustain gains longer than the duration 
of the training period (Kitago & Krakauer, 2013).  Future studies should incorporate follow up 
intervals that exceed the training interval to demonstrate true learning. 
6.3 Future Work 
 Future research should aim to control for the limitations of this work.  To maximize 
training benefits, it is possible that extending this intervention over a four to six-week course 
would allow individuals the opportunity for more practice and give participants a longer time to 
integrate the learned motor skills, and thus potentially further improve transfer to overground 
gait.  Additionally, future work should consider enrolling participants early after stroke to exploit 
the benefits of coupling an intervention with spontaneous biological recovery to augment 
neuroplastic gains.  Prior to enlisting individuals early post stroke, one should consider a variety 
of potential logistical barriers (e.g. potentially medically unstable, contributions of other 
therapies they are receiving, frequent physician visits that interfere with scheduling, etc.), and 
provide means that mitigate these factors.   
In an effort to fully understand the contributions of the component parts of this 
intervention (e.g. TPAD, visual feedback, overground training), future work could also utilize a 
randomized three-arm design with arms including TPAD training alone, overground training 
alone, or a combined TPAD + overground training, or a two-arm design that evaluates the 
component parts of the intervention studied here.  A potential limitation in a multi-arm study is 
the large sample size required to provide adequate statistical power.  This is both costly, and 
could potentially require participation from multiple sites to recruit this sample.  Despite these 
potential limitations, this design would allow investigators to better understand how the 
individual inputs work both individually and in concert to maximize learning effects.   
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Lastly, the key feature in any motor learning task is to place the learner him/herself at the 
center of the learning process.  The novel task or skill must be practiced and meaningfully 
incorporated to enable long-term changes in motor behavior and to truly drive neuroplastic 
changes.  The design of the TPAD allows the user to play an active role in foot placement and 
stepping while the device provides haptic guidance to promote weight shifting onto the paretic 
limb, yet the TPAD portion of the intervention was limited to a workstation type training on a 
treadmill.  Task specific overground training did provide participants an opportunity to transfer 
gains from the treadmill to overground, but again this was limited to confines in a clinical 
research based setting.  Future work should consider the utilization of mobile or wearable 
technologies to further extend therapies into the daily environment of the learner.  This would 
provide an incredibly rich task specific environmental training and thus place the learner 
specifically at the center of the learning process.   
6.4 Conclusions 
 The integration of additional motor learning tenets including faded visual feedback and 
task specific overground training with TPAD robotic treadmill training was feasible in terms of 
safety, tolerance and adherence.  Even though this intervention was not directly effective at 
improving load symmetry during gait on the treadmill, it was effective at facilitating gains in 
stance and swing symmetry during overground gait.  Improvements in overground gait were 
limited to temporal metrics, and not translated into gains in spatial parameters, velocity or 
balance.  Future work should exploit the benefits of this treatment by expanding the training 
period over four to six weeks, similar to other work.  Additionally, future work should consider 
trialing this intervention in a population of individuals in the early stages post stroke to take 
advantage of biological neuroplasticity and maximize gains.  Further, as this intervention 
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integrated multiple contributing inputs (e.g. TPAD treadmill training, visual feedback, 
overground training) to potentiate learning, it is unclear the impact of each input to the outcome.  
A larger sample of participants should be used with a randomized design to further explore the 
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The second week of treatment will include 5 consecutive days of training (Monday-Friday).  These sessions will be
about 1.5 hours in duration and you will have sensors placed on you and receive training on a treadmill using a robotic
device that helps you to shift your weight onto your paretic limb while walking.  Additionally, we will do training
overground to reinforce this weight shift onto your limb.  You may get tired but you can take rest breaks if you need
them.  I will show you a schematic of what the device looks like. 
During your training, video recordings will be made of your walking.  These will be made using infrared cameras that
will record the movement of the sensors that will be placed on you before you start the training AND by a standard
video recorder.  No facial features will be recorded, and no identifiable information will be recorded on the videos, such
as your name.  Only members of the research team will have access to these videos.  Mechanisms are in place to
safeguard your confidentiality.  These videos will be stored on an encrypted Columbia University computer which is
located in the locked office of a member of the research team.  The videos will be used to analyze your walking
patterns and for educational purposes for presentations or conferences.  These videos will not be used for any
commercial purposes.  As these videos are required for researchers to analyze, no additional compensation will be
provided to you specifically for the video recordings.
The third and final week of participation will include one last follow up visit repeating these same standard tests to
evaluate your walking and balance.  This session will also be about 1 hour in duration.
Information on Research
Medical Center IRB: 212-305-5883
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WHAT ARE THE RISKS OF THE STUDY? 
General risks
There may be risks or discomforts if you take part in this study. These include general risks associated with exercise,
including but not limited to muscle soreness, ankle sprains/strains or falls.
There may be other risks of taking part in this research study that we don't know about. If we learn about other risks,
we will let you know what they are so that you can decide whether or not you want to continue to be in the study.
ARE THERE BENEFITS TO TAKING PART IN THE STUDY? 
Potential direct benefit
You may or may not receive personal (direct) benefit from taking part in this study. The possible benefits of taking part
in this study include improved walking ability, particularly by increasing the use of your paretic limb during walking.
Also, the information collected from this research may help others in the future. 
ALTERNATIVE OPTIONS
You may choose not to take part in this research study.  You do not have to take part in this study to get treatment for
your condition.  You may elect to not participate in this study and seek treatment from conventional therapy care. 
WHAT ABOUT CONFIDENTIALITY? 
Any information collected during this study that can identify you by name will be kept confidential. We will do
everything we can to keep your data secure, however, complete confidentiality cannot be promised. Despite all of our
efforts, unanticipated problems, such as a stolen computer may occur, although it is highly unlikely.
Your questionnaire responses, health information, etc. will be assigned a code number, and separated from your name
or any other information that could identify you. The research file that links your name to the code number will be kept
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 The following individuals and/or agencies will be able to look at and copy your research records include:
- The investigator,  Columbia University Medical Center study staff and other medical professionals who may be
evaluating the study
- Authorities from Columbia University, including the Institutional Review Board ('IRB')
- The Office of Human Research Protections ('OHRP')
- Other government regulatory agencies (including agencies in other countries) if the sponsor is seeking marketing
approval for new products resulting from this research.
WHAT IF I GET HURT WHILE I AM ON THE STUDY? 
Taking part in this research study may result in injury or harm to you such as a fall, or injury occurring during exercise.
In the event of an injury resulting from your participation in this study, you should seek appropriate medical care and
inform the study doctor.  In the event of an emergency you should go to an emergency room.
If you are injured or harmed as a result of participating in the study and receive medical care through the NewYork-
Presbyterian Hospital (NYPH), a Columbia doctor, or any other health provider, you will be sent a bill for whatever
medical care you receive.  All or part of your bill may be paid by your health insurance. 
Columbia University and NewYork-Presbyterian Hospital (NYPH) are not offering to pay you for pain, worry, lost
income, the cost of your medical care or non-medical care costs that might occur as a result of your taking part in this
study.  However, you do not waive any of your legal rights in signing this form.
WILL I GET COMPENSATED? 
You will receive $10.00 for each study visit (a maximum of $90.00) for your participation.  This can be used any way
you see fit. 
WHAT ARE THE COSTS? 
No added costs
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WHOM DO I CALL IF I HAVE QUESTIONS OR PROBLEMS? 
Questions
If you have any questions or concerns about the study, or you are hurt while taking part in this research study, you
should contact Sunil Agrawal, PhD at sunil.agrawal@columbia.edu, Joel Stein, MD at  JS1165@cumc.columbia.edu,
Lauri Bishop, PT, DPT at LB2413@cumc.columbia.edu or at 212-305-6095, or you may also contact, Lori Quinn, EdD,
PT at LQ2165@tc.columbia.edu. 
If you have any questions about your rights as a subject, you may contact:
Human Research Protection Office
Institutional Review Board
Columbia University Medical Center
154 Haven Avenue, 1st Floor
New York, NY 10032
Telephone: (212) 305-5883
Email: irboffice@columbia.edu
An Institutional Review Board is a committee organized to protect the rights and welfare of human subjects involved in
research.
More information about taking part in a research study can be found on the Columbia University IRB website at:
http://www.cumc.columbia.edu/dept/irb.
Additional Information
Medical Center IRB: 212-305-5883
CF#: AAAW4445  Copied From #: AAAW4445





I have read this consent form and the research study has been explained to me.  I agree to be in the research study
described above.
A copy of this consent form will be provided to me after I sign it.
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B.2.  IRB Approved HIPAA Form 
HIPAA Form A
 HIPAA Clinical Research Authorization for Non-Sponsored Research
Protocol Number: IRB-AAAR2407
Name of Study: The Integration of Motor Learning Principles to Reduce 
Load Asymmetry Using a Novel Robotic Device in Individuals 
Chronically Post-Stroke
Principal Investigator: Sunil Agrawal
For the purpose of the conduct of the above name study, I agree to permit Columbia 
University Medical Center, my doctors, and my other health care providers (together 
"Providers"), and Sunil Agrawal and his/her staff (together "Researchers"), to use and 
disclose health information about me as described below.
1. The health information that may be used and disclosed includes:
. all information collected during the research described in the Informed Consent 
Form for the above-named study ("the Research"); and
. health information in my medical records that is relevant to the Research.
. This may include medical history information that may be considered sensitive, 
including:
Not Applicable.
2. The providers may disclose health information in my medical records to:
. the Researchers; and
. representatives of government agencies, review boards, and other persons who 
watch over the safety, effectiveness, and conduct of research.
3. The researchers may use and share my health information:
. among themselves and with other participating researchers to conduct the 
Research;
. representatives of government agencies, review boards, and other persons who 
watch over the safety, effectiveness, and conduct of research; and
. as permitted by the Informed Consent Form.
4. Please note that:
. You do not have to sign this Authorization, but if you do not, you may not 
participate in the Research.
. You may change your mind and revoke (take back) this Authorization at any time 
and for any reason.  To revoke this Authorization, you must write to Privacy 
Officer, Columbia University, 630 West 168th Street, Box 159, New York, N.Y. 
10032.  However, if you revoke this Authorization, you will not be allowed to 
continue taking part in the Research.  Also, even if you revoke this Authorization, 
the Researchers may continue to use and disclose the information they have 
already collected as permitted by the Informed Consent Form.
. While the Research is in progress, you may not be allowed to see your health 
information that is created or collected by Columbia University in the course of 
Privacy Office Approved, 03/13/2017 at 13:26
HIPAA Form Number: HIP-AAAN6201
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the Research.  After the Research is finished, however, you may be allowed to 
see this information.
5. This Authorization does not have an expiration (ending) date.
6. You will be given a copy of this Authorization after you have signed it.
Printed Name of Subject:
Signature of Subject or Legal Representative: Date:
Relationship of Legal Representative to Subject (if applicable):
Privacy Office Approved, 03/13/2017 at 13:26
HIPAA Form Number: HIP-AAAN6201
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Appendix C – Standard Operating Procedures 
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I.	  	  Project	  summary	  /	  Abstract	  
	  
	  BACKGROUND:	  	  Hemiparesis,	  spasticity	  and	  reduced	  motor	  control	  are	  typical	  
impairments	  after	  stroke	  and	  commonly	  contribute	  to	  motor	  deficits	  that	  affect	  gait.	  	  These	  
deficits	  manifest	  as	  reduced	  velocity,	  decreased	  cadence	  and	  asymmetries	  in	  temporal,	  
spatial	  and	  force	  parameters	  during	  ambulation.	  Robotic-­‐based	  therapies	  have	  been	  used	  
to	  increase	  gait	  velocity	  and	  reduce	  asymmetry	  in	  a	  population	  of	  individuals	  after	  stroke,	  
however	  these	  therapies	  have	  demonstrated	  results	  similar	  to	  that	  of	  conventional	  
training.	  	  This	  is	  possibly	  due	  to	  guided-­‐assist	  control	  strategies	  used	  to	  deliver	  robotic	  
training,	  which	  strategies	  limit	  participant	  involvement	  and	  thus	  constrain	  motor	  learning.	  	  
	   The	  TPAD	  is	  a	  robotic	  device	  that	  employs	  actuated	  tethers	  at	  the	  user’s	  pelvis	  to	  
guide	  the	  user’s	  pelvis	  along	  a	  pre-­‐set	  movement	  trajectory.	  	  The	  TPAD	  tethers	  can	  be	  
configured	  in	  an	  infinite	  array	  of	  possibilities,	  and	  most	  recently	  have	  been	  used	  to	  increase	  
loading	  onto	  the	  paretic	  limb	  in	  a	  population	  of	  individuals	  after	  stroke.	  	  While	  other	  
robotic	  devices	  guide	  the	  limb	  through	  the	  motor	  trajectory,	  and	  constrict	  the	  participants	  
ability	  to	  participate	  in	  the	  motor	  planning	  and	  movement	  execution,	  the	  TPAD	  promotes	  
weight	  shifting,	  but	  allows	  an	  individual	  to	  freely	  move	  the	  limb	  and	  to	  navigate	  
spatiotemporal	  aspects	  of	  training	  independently.	  	  Further,	  if	  coupled	  with	  overground	  to	  
focus	  on	  addressing	  a	  specific	  task	  goal,	  this	  device	  may	  prove	  useful	  to	  improve	  symmetry	  
in	  individuals	  after	  stroke.	  	  	  
	  
OBJECTIVES:	  	  The	  purpose	  of	  this	  study	  is	  to	  evaluate	  the	  overall	  feasibility	  in	  terms	  of	  
safety,	  treatment	  tolerance	  and	  adherence	  as	  well	  as	  address	  preliminary	  efficacy	  of	  
implementing	  a	  treatment	  paradigm	  using	  the	  TPAD	  with	  visual	  feedback	  and	  overground	  
training	  to	  reduce	  load	  asymmetry	  on	  the	  treadmill	  and	  promote	  increased	  stance	  
symmetry	  on	  the	  paretic	  limb	  during	  overground	  gait.	  	  
	  
PARTICIPANTS:	  	  To	  account	  for	  20%	  attrition,	  a	  total	  of	  12	  individuals	  in	  the	  chronic	  (>6	  
months)	  stages	  post	  stroke	  will	  be	  recruited	  from	  a	  voluntary	  stroke	  research	  registry	  with	  
anticipation	  that	  10	  individuals	  will	  complete	  participation.	  	  	  
	  
DESIGN:	  	  A	  non-­‐randomized	  pilot	  study	  of	  feasibility	  will	  be	  used	  to	  establish	  the	  
preliminary	  efficacy	  of	  using	  the	  TPAD	  in	  combination	  with	  overground	  training	  to	  reduce	  
load	  force	  asymmetry	  in	  this	  population.	  	  	  
	  
METHODS:	  	  Participants	  will	  undergo	  a	  series	  of	  three	  assessments	  within	  a	  one	  week	  time	  
frame	  prior	  to	  initiating	  intervention.	  	  Intervention	  using	  the	  TPAD	  and	  overground	  
training	  will	  occur	  the	  following	  week	  for	  five	  consecutive	  visits.	  	  On	  completion	  of	  the	  final	  
training	  visit,	  participants	  will	  be	  re-­‐assessed,	  and	  return	  for	  a	  single	  follow	  up	  visit	  the	  
next	  week	  for	  the	  final	  assessment.	  	  Each	  study	  visit	  will	  be	  approximately	  1-­‐1.5	  hours	  in	  
duration,	  and	  total	  participation	  should	  be	  completed	  within	  three	  weeks.	  	  	  
	  
EXPECTED	  OUTCOMES:	  	  We	  anticipate	  this	  training	  paradigm	  will	  prove	  feasible	  in	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II.	  	  Research	  Questions:	  
1) Is	  a	  five	  day	  gait	  training	  program	  using	  the	  TPAD	  and	  incorporating	  augmented	  
visual	  feedback	  and	  an	  overground	  walking	  component	  feasible	  in	  terms	  of	  
safety,	  treatment	  tolerance,	  and	  adherence	  in	  individuals	  with	  chronic	  stroke	  
who	  present	  with	  gait	  asymmetry?	  	  
	  
2) Is	  this	  training	  program	  effective	  at	  improving	  load	  force	  symmetry	  after	  five	  
sessions?	  
	  
3) Is	  this	  training	  program	  effective	  at	  improving	  stance	  time	  symmetry	  in	  
overground	  gait?	  
	  
III.	  	  Study	  Design/Methodology	  
This	  is	  a	  single	  arm,	  non-­‐randomized	  pilot	  study	  of	  feasibility.	  	  The	  study	  population	  and	  
details	  of	  study	  procedures	  are	  specified	  below.	  	  
	  
IV.	  	  Outcome	  Measures	  
A.	  	  Primary	  Outcomes	  
• Measures	  of	  Feasibility	  
o Safety	  
§ Adverse	  Events	  /	  Serious	  Adverse	  Events	  
o Adherence	  
§ Attendance	  Rates	  of	  Study	  Visits	  
o Tolerance	  
§ Ratings	  of	  Perceived	  Exertion	  (RPE)	  
§ Heart	  Rate	  (HR)	  
• Efficacy	  
o Overall	  Load	  Force	  Symmetry	  (over	  the	  course	  of	  training)	  
o Stance	  Time	  Symmetry	  
	  
B.	  	  Secondary	  Outcomes	  
• Daily	  Load	  Force	  Symmetry	  (intraday	  changes	  in	  load	  force)	  
• Time	  in	  Double	  Support	  	  
• Swing	  Time	  Symmetry	  
• Stride	  Length	  Symmetry	  
• Stride	  Velocity	  Symmetry	  
• Gait	  Velocity	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V.	  	  Study	  Population	  
A	  total	  of	  12	  adults	  (ages	  18-­‐75)	  will	  be	  recruited	  for	  participation	  from	  a	  voluntary	  stroke	  
registry,	  anticipating	  20%	  attrition,	  or	  that	  at	  least	  10	  participants	  will	  meet	  criteria	  and	  
complete	  study	  participation.	  	  	  
	  
Inclusion	  Criteria:	  
• Chronic	  (>6	  months)	  stages	  post	  stroke	  
• History	  of	  a	  single	  stroke	  event	  (either	  ischemic	  or	  hemorrhagic	  by	  origin)	  
• Minimal	  score	  of	  22	  or	  higher	  on	  the	  MoCA	  
• Must	  be	  independent	  community	  ambulator	  (with/without	  AFO)	  
• May	  use	  a	  unilateral	  assistive	  device	  (cane,	  quad	  cane)	  
• Must	  have	  a	  notable	  asymmetry	  in	  stance	  time	  (defined	  by	  a	  symmetry	  ratio	  
of	  0.90	  or	  lower)	  
	  
Exclusion	  Criteria:	  
• History	  of	  multiple	  strokes	  
• History	  of	  other	  neurological	  disease	  (e.g.	  Parkinson’s	  Disease,	  Multiple	  
Sclerosis)	  
• Uncontrolled	  medical	  conditions	  that	  would	  limit	  exercise	  tolerance	  (e.g.	  
hypertension)	  
• Excessive	  spasticity	  in	  the	  paretic	  lower	  limb	  (score	  >3	  on	  Modified	  
Ashworth	  Scale)	  
• Contractures	  of	  the	  lower	  limb	  that	  prevent	  the	  ankle	  and	  knee	  from	  
achieving	  a	  neutral	  position	  (sc	  
	  
VI.	  	  Procedures	  
A.	  	  Informed	  Consent	  Process	  
Written	  consent	  forms	  with	  associated	  HIPAA	  forms	  will	  be	  prepared,	  approved	  by	  the	  
institutional	  review	  board,	  and	  reviewed	  with	  each	  participant	  by	  a	  member	  of	  the	  
research	  team	  prior	  to	  initiating	  study	  procedures.	  	  All	  participants	  will	  have	  the	  
opportunity	  to	  ask	  any	  questions	  they	  may	  have,	  and	  a	  member	  of	  the	  research	  team	  will	  
answer	  any	  questions	  posed.	  	  All	  participants	  will	  sign	  written	  informed	  consent	  and	  
HIPAA	  forms	  prior	  to	  participating	  in	  any	  study	  related	  procedures.	  	  Participants	  will	  be	  
given	  a	  copy	  of	  these	  signed	  forms	  for	  their	  personal	  record.	  	  	  
	  
§ Prior	  to	  initiating	  study	  procedures,	  participants	  will	  also	  complete	  a	  demographic	  
form	  (Case	  Report	  Form	  (CRF_TPAD_Form_01)–	  See	  attached)	  and	  will	  be	  asked	  
about	  use	  of	  an	  Ankle	  Foot	  Orthosis	  (AFO)	  –	  specifically	  if	  s/he	  typically	  ambulates	  
inside	  the	  home	  with	  or	  without	  an	  AFO.	  	  	  
Ø IF	  the	  participant	  typically	  DOES	  NOT	  wear	  the	  AFO	  for	  household	  
ambulation,	  then	  the	  AFO	  WILL	  NOT	  be	  worn	  during	  the	  study	  procedures.	  	  	  
Ø IF	  the	  participant	  typically	  DOES	  wear	  the	  AFO	  during	  household	  
ambulation,	  then	  the	  AFO	  WILL	  be	  worn	  during	  the	  study	  procedures.	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Week	  1	  –	  PRE	  TEST	  	  
(3	  visits)	  
Week	  2	  -­‐	  TRAINING	  	  	  
(Daily	  visits)	  
Week	  3	  –	  FOLLOW	  UP	  
(1	  visit)	  
Consent	  **Day	  1	  only	   10MWT	  with	  APDM®	  
before	  and	  after	  training	  
daily	  
10MWT	  with	  APDM®	  
Info	  Sheets	  **Day	  1	  only	   Treadmill	  (TM)	  Training	  
with	  Feedback	  
BBS	  
MoCA	  **Day	  1	  only	   Overground	  Training	   SIS	  
Stroke	  Impact	  Scale	  (SIS)	  
**Day	  1	  only	  
Treadmill	  Assessments	  
(Force	  Measures	  in	  tandem	  
with	  baseline	  and	  post	  
training	  gait	  on	  TM)	  
	  
10MWT	  with	  APDM®	   BBS	  **Day	  5	  only	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5	  Day	  Training	  with	  
pre/post	  10MWT	  
**Post	  Test	  occurs	  on	  
completion	  of	  Day	  5.	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i. Overground	  Assessments	  
Overgound	  assessments	  will	  include:	  
• Gait	  Assessments	  
o 10MWT	  as	  measured	  with	  APDM®	  sensors	  
• Balance	  Assessments	  
o Berg	  Balance	  Scale	  (BBS)	  
• Self	  Assessments	  
o Stroke	  Impact	  Scale	  (SIS)	  
Overground	  assessments	  will	  be	  taken	  during	  week	  one	  (Pre	  Testing),	  week	  two	  (Gait	  
Assessments	  before/after	  Intervention	  and	  Post	  Testing	  on	  Day	  5)	  and	  week	  three	  
(Follow	  Up)	  of	  study	  procedures.	  	  	  
	  
The	  Overground	  Assessment	  will	  occur	  as	  per	  the	  following	  schedule:	  	  	  	  
• Week	  1:	  	  (Pre	  Test)	  Participant	  sessions	  will	  include	  gait	  
assessments,	  balance	  assessments	  and	  self-­‐assessment	  (Day	  1	  
only)	  for	  each	  of	  three	  visits	  during	  the	  first	  week	  of	  study	  
participation.	  	  
• Week	  2:	  	  (Intervention)	  Participants	  will	  repeat	  gait	  assessments	  
before	  and	  after	  each	  daily	  intervention	  session.	  	  On	  day	  5	  after	  study	  
intervention,	  participants	  will	  be	  given	  a	  10-­‐15	  minute	  seated	  rest	  
break,	  and	  all	  (gait,	  balance,	  and	  self	  assessment)	  assessments	  will	  be	  
repeated.	  	  These	  will	  be	  recorded	  as	  Post	  Test.	  	  	  
• Week	  3:	  	  (Follow	  Up)	  Participants	  will	  complete	  all	  (gait,	  balance	  and	  
self	  assessment)	  assessments.	  	  	  
**	  Denotes	  primary	  outcome	  measure.	  	  
	  
Ø Participant	  will	  complete	  the	  ‘Informed	  Consent’	  process	  prior	  to	  initiating	  any	  
assessment	  or	  study	  related	  procedures.	  	  
	  
Ø A	  physical	  therapist	  and	  at	  least	  one	  other	  member	  of	  the	  research	  team	  will	  be	  
present	  to	  perform	  all	  assessment	  procedures.	  	  
	  
Ø Participants’	  height	  and	  weight	  will	  be	  measured	  and	  recorded	  on	  
CRF_TPAD_Form_03a	  (See	  attached).	  
	  
Ø Any	  incidents	  with	  patient	  safety**	  during	  assessment	  sessions	  will	  be	  reported	  
on	  CRF_TPAD_Form_03/03a/03b.	  	  	  
	  





	   8	  
1. Gait	  Assessments	  	  
Gait	  variables	  recorded	  include:	  
• Percentage	  of	  time	  in	  Stance	  phase	  of	  gait	  cycle	  (for	  each	  limb	  individually)**	  
• Percentage	  of	  time	  in	  Swing	  phase	  of	  gait	  cycle	  (for	  each	  limb	  individually)	  
• Percentage	  of	  time	  in	  Double	  Support	  phase	  of	  gait	  (net	  for	  both	  limbs)	  
• Stride	  Length	  (for	  each	  limb	  individually)	  
• Stride	  Velocity	  (for	  each	  limb	  individually)	  
	  
	  
A	  14-­‐meter	  course	  will	  be	  measured	  along	  a	  quiet	  hallway.	  	  The	  middle	  10-­‐
meter	  segment	  of	  this	  course	  will	  be	  marked.	  	  Gait	  measures	  will	  be	  recorded	  
during	  a	  series	  of	  three,	  10	  meter	  walk	  tests	  (10MWT)	  using	  the	  APDM®	  inertial	  
based	  sensors.	  	  	  
A. Set	  up:	  	  	  
a. Turn	  on	  MacBook	  Pro	  (Mid	  2015,	  Apple®,	  Inc.)	  laptop	  and	  login	  with	  
the	  User	  Name	  “NRR_Lab”	  and	  Password	  “anngentile1”.	  	  	  
b. Secure	  the	  Access	  Point	  in	  the	  accompanying	  stand,	  and	  attach	  to	  the	  
MacBook	  Pro	  laptop	  via	  the	  (18	  inch)	  Micro	  USB	  cable	  provided.	  	  
c. Attach	  Opal	  Sensors	  (Sensor	  Numbers:	  1251,	  1253,	  1254)	  to	  the	  
Docking	  Station	  using	  3	  of	  the	  (6	  inch)	  Micro	  USB	  cables	  provided.	  
d. Attach	  the	  Docking	  Station	  to	  the	  MacBook	  Pro	  laptop	  with	  the	  attached	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e. Initiate	  Mobility	  Lab©	  2015	  (Version	  2.0,	  APDM,	  Inc.)	  software.	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h. Ensure	  and/or	  assign	  sensors	  by	  dragging	  ‘Available	  Sensor’	  to	  
associated	  position	  at	  figure.	  	  Sensor	  assignment	  is:	  	  
• XI-­‐001254:	  	  Lumbar	  
• XI-­‐001251:	  	  Left	  Foot	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1. For	  New	  participants	  (DAY	  1	  Pre	  Test	  ONLY):	  
a. Select	  “+	  New	  Subject”	  (at	  top	  right	  of	  screen).	  
b. Add	  First	  Name	  =	  “TPAD_D”	  (for	  ALL	  participants).	  
c. Add	  Last	  Name	  =	  Enter	  Participant’s	  Study	  ID	  number.	  
d. Enter	  participant	  height.	  
e. Select	  ‘gender’.	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2. For	  Returning	  participants:	  
a. Select	  participant	  from	  list	  by	  clicking	  on	  “Last	  Name”	  /	  





k. From	  tabs	  (below	  Project	  Group),	  select	  “New	  Test”.	  
	  
l. At	  Pop	  Up	  Test	  Selection	  prompt,	  select	  ‘Open	  Ended’	  from	  the	  ‘Walk’	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m. Select	  the	  “	  +	  “	  button	  3	  times	  to	  add	  a	  total	  of	  3	  walks	  to	  the	  participant	  
profile.	  	  	  
	  
	  
n. Select	  ‘Next’.	  
	  
o. Ensure	  participant	  is	  seated	  for	  sensor	  placement.	  
	  
p. Remove	  Opal	  sensors	  from	  Docking	  Station	  and	  place	  on	  participant	  at	  
L2,	  and	  at	  the	  dorsal	  surface	  of	  bilateral	  feet	  as	  shown.	  (Port	  faces	  down	  
for	  lumbar	  sensor	  and	  towards	  the	  toes	  for	  feet	  sensors.)	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q. Participant	  is	  asked	  to	  stand	  and	  is	  assisted	  (if	  needed)	  to	  one	  end	  of	  the	  
14-­‐meter	  walkway.	  
r. Turn	  on	  Sony	  6300	  camera.	  
	  
B. Procedures:	  	  Conducting	  the	  Assessment	  	  
a. Instruct	  the	  participant	  to	  walk	  from	  their	  current	  position	  to	  the	  
opposing	  end	  of	  the	  14-­‐meter	  path	  at	  a	  ‘comfortable	  pace’	  on	  your	  “GO”	  
signal.	  	  	  
b. Activate	  Opal	  sensors	  by	  selecting	  “Start	  Recording”.	  	  	  
c. At	  the	  sound	  of	  the	  tone,	  instruct	  the	  participant	  to	  begin	  walking.	  
d. A	  stopwatch	  will	  be	  used	  to	  capture	  the	  10MWT	  portion	  of	  the	  pathway.	  	  
e. Times	  will	  be	  recorded	  on	  CRF_TPAD_Form	  03/03a/03b	  (See	  attached).	  
f. A	  member	  of	  the	  study	  team	  will	  walk	  alongside	  the	  participant	  to	  
ensure	  safety.	  	  
g. A	  second	  member	  of	  the	  study	  team	  will	  video	  record	  the	  participant’s	  
gait	  during	  performance	  of	  the	  walk	  using	  the	  Sony	  6300	  camera.	  	  	  
h. Repeat	  procedures	  for	  all	  3	  walk	  trials.	  	  
i. On	  completion	  of	  all	  3	  trials,	  the	  participant	  will	  be	  seated,	  Opal	  sensors	  
removed	  and	  reattached	  to	  the	  Docking	  Station.	  	  
j. From	  tabs	  (at	  top	  of	  page)	  select	  “Power	  Off	  Sensors”.	  	  	  
k. Remove	  sensors	  from	  docking	  station	  after	  ‘Power	  Off’	  sequence	  is	  
complete.	  	  	  
l. Ensure	  Opal	  sensors	  go	  blank.	  	  
m. Detach	  Docking	  Station	  and	  Access	  Point	  from	  MacBook	  Pro	  laptop	  and	  
replace	  into	  APDM®	  suitcase.	  
n. Close	  Mobility	  Lab	  software	  and	  shutdown	  MacBook	  Pro	  laptop.	  	  	  
	  
o This	  will	  complete	  the	  gait	  assessment	  portion.	  	  
2.	  Balance	  Assessments	  
	  
A	  standardized	  Berg	  Balance	  Scale	  is	  performed	  with	  each	  of	  the	  participants	  
(CRF_TPAD_Form_04	  –	  See	  attached).	  	  	  
• Assessments	  will	  be	  video	  recorded,	  and	  independent	  reviewers	  will	  score	  
each	  item	  of	  the	  assessment.	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  3.	  Self	  Assessment	  
	  
• A	  Stroke	  Impact	  Scale	  (SIS)	  will	  be	  given	  to	  participants	  to	  complete	  on	  Pre	  
Testing,	  Day	  1,	  on	  Post	  Testing,	  and	  on	  Follow	  up.	  	  Total	  scores	  of	  these	  
assessments	  will	  be	  recorded.	  	  
	  
o This	  will	  complete	  the	  overground	  assessment	  portion.	  	  
	  
	  













• Force	  Assessments	  will	  be	  recorded	  on	  the	  treadmill	  in	  an	  effort	  to	  calculate	  
force	  symmetry	  between	  the	  affected/less	  affected	  limb.	  	  	  
Treadmill	  assessments	  will	  occur	  simultaneously	  within	  the	  interventional	  sessions.	  	  
These	  assessments	  will	  be	  completed	  daily	  during	  week	  two	  of	  study	  participation.	  	  As	  
they	  will	  occur	  within	  the	  intervention,	  no	  additional	  time	  is	  needed	  for	  data	  collection	  
during	  these	  procedures.	  	  	  
	  
An	  engineer	  trained	  in	  the	  use	  of	  the	  TPAD	  will	  be	  present	  and	  record	  data	  while	  the	  
physical	  therapist	  is	  supervising	  the	  participant	  during	  the	  treadmill	  portion	  of	  the	  
intervention.	  	  	  
	  
Data	  collected	  from	  baseline	  (Intervention	  Day	  1)	  and	  post	  training	  (Intervention	  Day	  
5)	  will	  be	  used	  as	  a	  primary	  outcome	  of	  vertical	  Ground	  Reaction	  Force	  (GRF)**.	  	  Daily	  
measures	  (Baseline	  to	  Post	  Training	  within	  day)	  will	  be	  used	  as	  secondary	  measures	  of	  
GRF	  over	  the	  course	  of	  training.	  
	  
	  
Force	  Measures	  Taken	  
during	  Baseline	  and	  
	  Post	  Training	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Procedures	  are	  as	  follows:	  
	  
Ø Reflective	  markers,	  safety	  harness,	  pelvic	  belt	  and	  arm	  sling	  will	  be	  placed	  as	  
described	  in	  ‘Intervention’	  section	  above.	  	  	  
	  
Ø The	  participant	  will	  be	  assisted	  onto	  the	  dual	  belt	  treadmill	  and	  confirmed	  gait	  
speed	  established	  as	  described	  in	  ‘Intervention’	  section	  above.	  
	  
Ø Force	  plates	  embedded	  under	  the	  dual	  belts	  of	  the	  treadmill	  will	  be	  activated	  for	  
data	  recording	  of	  Forces	  in	  the	  vertical	  direction	  (Fz)	  as	  a	  measure	  of	  GRF.	  	  
These	  recordings	  will	  occur	  during	  minute	  1,	  3	  and	  5	  during	  ‘Baseline’	  gait	  
procedures	  as	  described	  in	  the	  ‘Intervention’	  section	  above.	  	  	  
	  
Ø RPE**	  and	  HR**	  will	  be	  recorded	  before	  (at	  resting)	  and	  after	  ‘Baseline’	  gait,	  at	  
10-­‐minute	  intervals	  during	  TPAD	  force	  intervention,	  on	  completion	  of	  ‘Post	  
Training’	  gait,	  and	  lastly	  on	  completion	  of	  overground	  gait.	  	  These	  measures	  will	  
be	  recorded	  on	  CRF_TPAD_Form_02.	  
	  
Ø Force	  plates	  will	  also	  be	  activated	  for	  data	  collection	  of	  Fz	  as	  a	  measure	  of	  GRF	  
during	  minutes	  1,	  3,	  5,	  7,	  9	  of	  of	  ‘Post	  Training’	  gait	  procedures	  as	  outlined	  in	  the	  
‘Intervention’	  section	  above.	  
	  
Ø These	  procedures	  will	  be	  repeated	  during	  daily	  intervention	  sessions.	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All	  interventional	  procedures	  are	  to	  be	  performed	  during	  week	  two	  of	  study	  participation.	  	  
These	  sessions	  will	  occur	  daily	  for	  five	  consecutive	  days.	  	  The	  duration	  of	  each	  
interventional	  session	  will	  be	  approximately	  one	  and	  one	  half	  hours	  (90	  minutes).	  	  	  
	  
Participants	  will	  be	  asked	  to	  wear	  gym	  shorts	  and	  comfortable	  walking	  shoes	  for	  each	  
training	  session.	  	  If	  participants	  wear	  other	  clothing	  to	  the	  session	  (e.g.	  in	  winter	  months),	  
they	  will	  be	  given	  the	  opportunity	  to	  change	  clothes	  prior	  to	  initiating	  any	  study	  
procedures.	  	  	  
	  
A	  licensed	  physical	  therapist	  will	  supervise	  all	  training	  sessions.	  	  Engineers	  experienced	  in	  
operating	  the	  TPAD	  will	  be	  primarily	  responsible	  for	  the	  operating	  and	  running	  of	  the	  
TPAD	  and	  treadmill	  during	  the	  training	  session.	  	  	  
	  
1.	  	  Set	  up	  
Prior	  to	  initiating	  the	  training,	  a	  member	  of	  the	  research	  team	  will	  complete	  the	  Treatment	  
Checklist,	  including:	  
	  
a. Participants	  will	  stand	  while	  reflective	  markers	  are	  placed	  bilaterally	  at:	  
• R/L	  Medial	  &	  Lateral	  
metatarsal	  heads	  
• Superior	  surface	  of	  first	  
distal	  toe	  
• R/L	  Med	  &	  Lateral	  malleoli	  
• R/L	  Heel	  
• R/L	  Tibial	  Plateau	  
• R/L	  Fibula	  Head	  
• R/L	  Med	  &	  Lateral	  distal	  
Femur	  	  
• R/L	  anterior	  shaft	  of	  the	  
Femur	  (at	  midpoint)	  
• R/L	  lateral	  shaft	  of	  the	  
Femur	  (at	  midpoint)	  
• Anterior	  Superior	  Iliac	  Spine	  
(ASIS)	  
• Superior	  (on	  abdomen)	  to	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b. Patient	  clothing	  will	  be	  taped	  in	  place	  to	  ensure	  marker	  visibility	  throughout	  
treatment.	  
	  
c. Participants	  will	  then	  don:	  
• A	  safety	  harness	  that	  will	  connect	  to	  an	  overhead	  metal	  brace/beam	  
during	  gait	  tasks	  on	  the	  treadmill.	  
• A	  sling	  to	  support	  the	  paretic	  arm	  during	  gait.	  	  This	  is	  done	  to	  prevent	  the	  
blocking	  of	  reflective	  markers	  during	  gait	  that	  are	  needed	  for	  the	  
application	  of	  forces.	  	  
• A	  pelvic	  belt	  that	  has	  been	  altered	  to	  allow	  the	  attachment	  of	  force	  
tethers.	  
	  
d. Heart	  Rate	  (HR)	  monitor	  and	  Borg	  Scale	  will	  be	  in	  place	  to	  allow	  recordings	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e. Participants	  will	  then	  be	  assisted	  onto	  the	  dual	  belt	  treadmill.	  	  	  
	  
f. A	  still	  image	  will	  be	  recorded	  using	  a	  Vicon®	  infrared	  recording	  system	  and	  
evaluated	  to	  ensure	  all	  markers	  are	  in	  place	  and	  are	  visible.	  	  	  
	  
g. During	  the	  still	  image,	  recordings	  will	  be	  made	  of	  vertical	  forces	  (Fz)	  during	  quiet	  
stance	  for	  both	  the	  paretic	  and	  non-­‐paretic	  limb.	  
	  
h. Measures	  of	  resting	  heart	  rate	  (HR)	  and	  Ratings	  of	  Perceived	  Exertion	  (RPE)	  will	  be	  
taken	  and	  recorded	  on	  CRF_TPAD_Form_02	  (See	  attached).	  	  	  
	  
2.	  	  Treadmill	  Training	  
	  
	  
a. The	  treadmill	  will	  be	  initiated	  and	  speed	  gradually	  increased	  by	  0.1	  m/s	  intervals.	  	  
The	  participant	  will	  be	  asked	  when	  s/he	  feels	  this	  will	  be	  a	  challenging,	  yet	  tolerable	  
speed	  to	  sustain	  for	  one	  hour	  (60	  minutes).	  	  A	  supervising	  Physical	  Therapist	  will	  
confirm	  the	  speed	  and	  this	  will	  be	  recorded	  on	  CRF_TPAD_Form_02	  (See	  attached).	  
The	  confirmed	  speed	  will	  be	  used	  for	  all	  subsequent	  treatment	  sessions.	  	  *This	  will	  
occur	  during	  Day	  1	  treatment	  ONLY.	  	  
	  
b. The	  participant	  will	  continue	  walking	  at	  the	  self-­‐selected	  gait	  speed	  for	  five	  minutes.	  	  	  
	  
c. During	  this	  time	  the	  participant	  will	  gain	  familiarity	  with	  treadmill	  walking	  
(Baseline),	  and	  vertical	  force	  measures	  (Fz)	  will	  be	  recorded.	  	  This	  is	  explained	  in	  
detail	  in	  the	  ‘Assessments’	  section.	  	  
	  
d. Video	  recordings	  will	  be	  taken	  from	  a	  posterior	  view	  during	  minutes	  3-­‐4	  of	  baseline	  
gait.	  
	  
e. On	  completion	  of	  the	  five	  minutes	  of	  baseline	  gait,	  the	  supervising	  therapist	  will	  
verbally	  tell	  the	  patient	  to	  hold	  on	  to	  the	  side	  hand	  rails,	  and	  the	  treadmill	  will	  be	  
stopped.	  	  	  
	  
f. HR	  and	  RPE	  will	  be	  recorded	  on	  CRF_TPAD_Form_02	  (See	  attached).	  	  
	  
g. Tethers	  will	  be	  attached	  to	  the	  pelvic	  belt.	  	  
	  
h. Participants	  will	  be	  offered	  a	  seated	  rest	  break.	  	  Time	  of	  rest	  break	  will	  be	  recorded.	  
	  
i. Reflective	  markers	  will	  be	  placed	  on	  the	  tethers	  at	  the	  point	  of	  attachment	  to	  the	  
pelvic	  belt	  and	  at	  the	  level	  of	  the	  pulley/frame.	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j. A	  force	  of	  resting	  magnitude	  will	  be	  applied	  during	  static	  standing	  (enough	  force	  to	  
keep	  tethers	  taut	  during	  gait,	  but	  this	  resting	  magnitude	  will	  be	  evenly	  distributed	  
among	  the	  four	  force	  tethers	  along	  a	  horizontal	  plane	  at	  left/right	  anterior/posterior	  
positions).	  	  	  
	  
k. A	  still	  image	  will	  be	  taken	  to	  ensure	  tethers	  are	  appropriately	  in	  place,	  and	  markers	  
attached	  to	  tether	  attachment	  points	  will	  be	  removed.	  	  	  
	  
l. Once	  forces	  tethers	  are	  taut,	  the	  visual	  feedback	  monor	  will	  be	  turned	  on	  and	  the	  
supervising	  therapist	  will	  explain	  the	  role	  of	  feedback	  during	  the	  training.	  	  	  
	  
• Verbiage	  to	  be	  used:	  	  
“Do	  you	  see	  the	  2	  bars	  in	  front	  of	  you?	  	  The	  right/left	  (side	  of	  the	  paretic	  
limb)	  represents	  your	  weaker	  leg.	  	  This	  bar	  moves	  depending	  on	  how	  
much	  weight	  you	  put	  into	  your	  leg.	  	  Go	  ahead	  and	  lift	  your	  leg	  so	  you	  can	  
see	  the	  bar	  move.”	  [Participant	  lifts	  leg	  and	  bar	  representing	  paretic	  limb	  
lessens].	  	  	  
“Do	  you	  see	  the	  other	  bar?	  	  It	  is	  your	  target.	  	  On	  each	  step,	  I	  want	  you	  to	  
try	  and	  get	  your	  right/left	  (paretic)	  bar	  up	  to	  the	  top	  of	  that	  target	  and	  
keep	  it	  there	  as	  long	  as	  possible	  while	  you	  are	  walking.	  	  Do	  you	  have	  any	  
questions?”	  [Participant	  is	  given	  an	  opportunity	  to	  ask	  questions	  for	  which	  a	  
member	  of	  the	  research	  team	  will	  respond	  appropriately.]	  	  	  
“There	  will	  be	  points	  during	  training	  where	  this	  screen	  isn’t	  on.	  	  I	  still	  
want	  you	  to	  think	  about	  the	  screen	  and	  put	  as	  much	  weight	  on	  your	  
weaker	  leg	  and	  keep	  it	  there	  as	  long	  as	  possible	  –	  even	  when	  you	  do	  not	  
see	  the	  screen.	  	  Do	  you	  understand?”	  
	  
m. The	  treadmill	  will	  be	  re-­‐initiated	  at	  the	  self-­‐selected	  speed,	  and	  a	  force	  of	  10%	  of	  the	  
participants’	  body	  weight	  will	  be	  applied	  along	  the	  horizontal	  plan	  in	  the	  
anterolateral	  direction,	  ramping	  up/down	  in	  a	  trapezoidal	  fashion	  on	  the	  side	  of	  the	  
paretic	  limb.	  	  This	  will	  occur	  at	  the	  point	  of	  heel	  strike	  and	  be	  completed	  by	  mid-­‐
stance	  during	  each	  step.	  	  This	  will	  be	  sustained	  for	  40	  minutes.	  
	  	  	  
n. At	  the	  midpoint	  of	  training	  participants	  will	  be	  offered	  a	  seated	  rest	  break,	  after	  
which	  training	  will	  immediately	  be	  re-­‐initiated.	  	  	  
	  
• If	  participants	  decline	  rest	  at	  midpoint	  (20	  minutes),	  they	  will	  be	  offered	  
another	  rest	  break	  at	  minute	  30	  of	  training.	  	  
• Duration	  of	  rest	  break(s)	  will	  be	  recorded.	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Table	  1:	  	  Visual	  Feedback	  Schedule	  per	  Training	  Day	  Visit	  
	   Day	  1	   Day	  2	   Day	  3	   Day	  4	   Day	  5	  
Minute	  
1-­‐10	  
9	  minutes	  on/	  	  
1	  minute	  off	  
7	  minutes	  on/	  	  
3	  minutes	  off	  
5	  minutes	  on/	  	  
5	  minutes	  off	  
3	  minutes	  on/	  	  
7	  minutes	  off	  
1	  minute	  on/	  	  
9	  minutes	  off	  
Minute	  
11-­‐20	  
9	  minutes	  on/	  	  
1	  minute	  off	  
7	  minutes	  on/	  	  
3	  minutes	  off	  
5	  minutes	  on/	  	  
5	  minutes	  off	  
3	  minutes	  on/	  	  
7	  minutes	  off	  
1	  minute	  on/	  	  
9	  minutes	  off	  
Minute	  
21-­‐30	  
9	  minutes	  on/	  	  
1	  minute	  off	  
7	  minutes	  on/	  	  
3	  minutes	  off	  
5	  minutes	  on/	  	  
5	  minutes	  off	  
3	  minutes	  on/	  	  
7	  minutes	  off	  
1	  minute	  on/	  	  
9	  minutes	  off	  
Minute	  
31-­‐40	  
9	  minutes	  on/	  	  
1	  minute	  off	  
7	  minutes	  on/	  	  
3	  minutes	  off	  
5	  minutes	  on/	  	  
5	  minutes	  off	  
3	  minutes	  on/	  	  
7	  minutes	  off	  
1	  minute	  on/	  
9	  minutes	  off	  
	  
Total	  
90%	  on	  (36	  
min)/	  10%	  off	  (4	  
min)	  
70%	  on	  (28	  
min)/	  30%	  off	  
(12	  min)	  
50%	  on	  (20	  
min)/	  50%	  off	  
(20	  min)	  
30%	  on	  (12	  
min)/	  70%	  off	  
(28	  min)	  
10%	  on	  (4	  
min)/	  90%	  off	  
(36	  min)	  
	  
******	   Video	  Recordings	  using	  a	  posterior	  view	  will	  be	  made	  during	  minutes	  5,	  15,	  
25,	  and	  35	  of	  training.	  	  
	  
p. On	  completion	  of	  the	  40	  minute	  training	  with	  the	  force	  tethers	  and	  visual	  feedback,	  
the	  participant	  will	  be	  cautioned	  to	  hold	  onto	  the	  hand	  rails	  and	  the	  treadmill	  will	  be	  
stopped.	  
	  
q. HR	  and	  RPE	  will	  be	  taken	  and	  recorded	  at	  every	  10	  minute	  interval	  (at	  minute	  10,	  20,	  
30	  &	  on	  completion)	  throughout	  the	  treatment	  session	  using	  CRF_TPAD_Form_02	  
(See	  attached).	  
	  
r. Participants	  will	  be	  offered	  a	  seated	  rest	  break	  and	  water	  at	  completion	  of	  training.	  	  
	  
s. Immediately	  on	  completion	  of	  the	  rest	  break,	  participants	  will	  stand,	  and	  continue	  to	  
walk	  for	  an	  additional	  10	  minutes	  on	  the	  treadmill	  with	  no	  force	  tethers	  attached	  
(Post	  Training).	  	  This	  will	  allow	  the	  participant	  to	  ‘cool	  down’	  from	  the	  training.	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During	  this	  time	  vertical	  forces	  (Fz)	  will	  be	  taken	  for	  each	  the	  paretic	  and	  non	  paretic	  
limb.	  	  
	  
t. Video	  recordings	  will	  be	  made	  from	  a	  posterior	  view	  during	  minutes	  5	  of	  post	  
training.	  
	  
u. On	  completion	  of	  post	  training,	  participants	  will	  be	  assisted	  off	  of	  the	  treadmill	  and	  
reflective	  markers,	  safety	  harness,	  pelvic	  belt	  and	  arm	  sling	  will	  be	  removed.	  	  
	  
v. HR	  and	  RPE	  will	  be	  taken	  and	  recorded	  on	  CRF_TPAD_Form_02	  (See	  attached).	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3.	  	  Overground	  Training	  
	  
	  
	   	  	  
	  
a. Participants	  will	  then	  initiate	  overground	  training	  for	  which	  they	  will	  ambulate	  in	  a	  
quiet	  corridor	  and	  will	  receive	  verbal	  and	  gentle	  tactile	  cues	  to	  reinforce	  TPAD	  
training.	  	  Overground	  training	  will	  be	  between	  5-­‐10	  minutes.	  	  Duration	  of	  
overground	  training	  period	  will	  be	  recorded.	  
	  
• Verbal	  cues	  will	  include:	  
o “Remember	  to	  walk	  and	  put	  as	  much	  weight	  on	  your	  right/left	  
(paretic)	  limb	  as	  possible	  and	  keep	  it	  there	  as	  long	  as	  possible.”	  
o “Can	  you	  put	  more	  weight	  on	  your	  right/left	  (paretic)	  side?”	  
o “A	  little	  more”	  	  
o “More	  weight	  over	  here”	  
o “Keep	  it/your	  weight	  there	  a	  little	  longer	  with	  each	  step.”	  
• Tactile	  cues	  will	  include:	  
o Gentle	  tapping	  at	  right/left	  (paretic)	  side.	  
o Gentle	  tapping	  at	  right/left	  (paretic)	  quadriceps.	  
o Light	  hand	  hold	  around	  pelvis	  with	  gentle	  weight	  shift	  onto	  paretic	  
side.	  
	  
b. 	  On	  completion	  of	  overground	  training,	  HR	  and	  RPE	  will	  be	  taken	  and	  recorded	  one	  
additional	  time	  on	  CRF_TPAD_Form_02	  (See	  attached).	  	  	  
	  
c. CRF_TPAD_Form_02	  will	  be	  completed	  daily	  for	  each	  intervention	  session.	  	  
	  
d. Any	  incidents	  with	  patient	  safety	  during	  interventional	  procedures	  will	  be	  
reported	  on	  CRF_TPAD_Form_02.	  
	  
e. Any	  missing	  visits**	  occurring	  during	  intervention	  will	  also	  be	  noted	  on	  
CRF_TPAD_Form_02.	  
	  
f. This	  will	  conclude	  the	  training	  portion	  of	  the	  session.	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VII.	  	  Participant	  Withdrawal	  
Participation	  in	  this	  study	  is	  voluntary.	  	  Participants	  will	  be	  allowed	  to	  withdraw	  from	  the	  
study	  at	  any	  point.	  	  Withdrawal	  of	  participation	  from	  this	  study	  will	  not	  preclude	  
individuals	  from	  participating	  in	  any	  future	  studies	  relating	  to	  stroke	  or	  for	  which	  the	  
individual	  would	  be	  a	  potential	  candidate.	  	  
	  
The	  participant	  may	  be	  withdrawn	  by	  a	  member	  of	  the	  research	  team	  if:	  
• The	  participant	  does	  not	  complete	  all	  Pre-­‐Test	  Assessments.	  	  
• The	  participant	  completes	  <	  4/5	  training	  visits	  
• The	  participant	  does	  not	  complete	  Post-­‐Test	  Assessment	  	  
• The	  participant	  sustains	  an	  injury	  while	  participating	  that	  would	  prevent	  s/he	  from	  
completing	  study	  procedures	  
	  
VIII.	  	  Risk	  /	  Benefit	  
No	  invasive	  interventional	  procedures	  will	  be	  used	  during	  these	  study	  procedures.	  	  Thus,	  
this	  is	  a	  low	  risk	  study.	  	  General	  risks	  of	  exercise	  are	  expected	  during	  study	  participation,	  
including	  but	  not	  limited	  to	  muscle	  fatigue,	  muscle	  stiffness,	  and	  muscle	  soreness.	  	  	  In	  an	  
effort	  to	  minimize	  risk	  to	  participants,	  a	  licensed	  physical	  therapist	  will	  be	  present	  for	  all	  
study	  related	  activities.	  	  Additionally,	  a	  MD	  will	  be	  available	  in	  the	  event	  of	  an	  injury	  or	  the	  
occurrence	  of	  an	  adverse	  event.	  	  Any	  medical	  injuries	  sustained	  during	  participation	  in	  this	  
study	  will	  be	  recorded	  (CRF_TPAD_Form_02),	  and	  the	  Principle	  Investigator	  and	  the	  
Institutional	  Review	  Board	  will	  be	  notified	  within	  24	  hours	  of	  event.	  	  The	  study	  participant	  
will	  be	  responsible	  for	  any	  incurred	  cost	  from	  a	  study	  related	  injury.	  	  
	  
We	  anticipate	  that	  participants	  who	  complete	  study	  procedures	  may	  receive	  improvement	  
in	  gait	  symmetry	  by	  participating	  in	  this	  trial.	  	  However,	  we	  cannot	  guarantee	  physical	  
benefit	  from	  study	  participation.	  	  Additionally,	  it	  is	  likely	  that	  any	  benefit	  in	  gait	  
performance	  seen	  from	  participating	  in	  this	  trial	  will	  be	  temporary	  and	  not	  long-­‐lasting	  
due	  to	  the	  short	  duration	  (one	  week)	  of	  the	  intervention.	  
	  
IX.	  	  Data	  Management/	  Storage	  
Hard	  copies	  of	  CRF	  and	  study	  documents	  will	  be	  stored	  in	  files	  coded	  by	  patient	  
identification	  numbers	  assigned	  at	  the	  onset	  of	  study	  participation.	  	  These	  files	  will	  be	  
stored	  in	  a	  locked	  file	  cabinet	  in	  the	  office	  of	  a	  member	  of	  the	  study	  team.	  	  Only	  team	  
members	  will	  have	  access	  to	  these	  files.	  	  	  
	  
Electronic	  data	  will	  also	  be	  coded	  using	  the	  same	  patient	  identification	  numbers.	  	  A	  code	  
key	  will	  be	  located	  in	  the	  hard	  copy	  files.	  	  All	  electronic	  data	  will	  be	  stored	  either	  in	  a	  
REDCap	  Database	  (feasibility	  results	  of	  safety,	  adherence,	  treatment	  tolerance,	  gait	  velocity	  
and	  balance	  scores)	  or	  on	  a	  CUMC	  encrypted	  end	  point	  device	  (gait	  data	  from	  embedded	  
force	  plates	  and	  APDM	  inertial	  sensors)	  that	  is	  backed	  up	  regularly.	  	  Patient	  data	  sheets	  
will	  be	  input	  into	  the	  REDCap	  database	  and	  each	  member	  of	  the	  study	  team	  will	  have	  
access	  via	  an	  individualized	  login/password	  combination.	  	  Coded	  copies	  of	  electronic	  data	  
will	  be	  shared	  between	  members	  of	  the	  research	  team	  via	  Columbia	  University	  email	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system.	  	  To	  ensure	  data	  security,	  all	  electronic	  data	  will	  be	  coded,	  and	  the	  code	  key	  will	  not	  
be	  included	  with	  data	  files.	  	  	  	  	  
	  
	  
X.	  	  Adverse	  Event	  Reporting	  	  
Adverse	  events	  include	  study	  related	  injuries	  including,	  but	  not	  limited	  to:	  
• Falls	  
• Ankle	  sprains/strains	  
• Fractures	  
• Orthopedic	  related	  injuries	  
• Dizziness	  
• Severe	  fatigue	  that	  requires	  a	  ceasing	  of	  study	  procedures	  
	  
In	  the	  case	  of	  an	  adverse	  event	  (AE),	  the	  participant	  will	  be	  evaluated	  immediately	  by	  the	  
physical	  therapist	  present	  for	  all	  study	  procedures.	  	  If	  the	  AE	  persists,	  study	  procedures	  
will	  be	  stopped,	  and	  the	  study	  MD	  notified	  to	  evaluate	  the	  participant.	  	  In	  such	  cases	  where	  
applicable	  (e.g.	  fracture,	  ankle	  injury)	  the	  participant	  will	  be	  referred	  and	  assisted	  to	  the	  
Emergency	  Room	  for	  immediate	  attention.	  	  	  
	  
All	  AEs	  will	  be	  recorded	  and	  reported	  to	  the	  PI	  and	  IRB	  within	  24	  hours.	  	  	  
	  
XI.	  	  Statistical	  Analysis	  	  
Please	  see	  attached	  Statistical	  Analysis	  Plan.	  
	  
XII.	  	  Dissemination	  of	  Results	  and	  Publications	  
Results	  of	  this	  work	  will	  be	  analyzed	  and	  a	  manuscript	  prepared	  for	  publication.	  	  Full	  
details	  of	  this	  work	  including	  prior	  work	  using	  the	  TPAD,	  background,	  study	  procedures,	  
statistical	  analysis	  procedures	  and	  detailed	  results	  will	  be	  written	  and	  stored	  on	  file	  as	  a	  
part	  of	  the	  final	  dissertation	  report.	  	  	  
	  
Lauri	  Bishop,	  PT,	  DPT	  will	  serve	  as	  primary	  author	  on	  the	  dissertation	  with	  Lori	  Quinn,	  
EdD	  providing	  sponsorship.	  	  Ms.	  Bishop	  will	  also	  serve	  as	  a	  primary	  author	  for	  manuscripts	  
prepared	  discussing	  the	  feasibility	  and	  preliminary	  efficacy	  of	  the	  TPAD	  to	  reduce	  
asymmetry	  in	  a	  population	  of	  individuals	  after	  stroke.	  	  Moiz	  Khan,	  MS	  will	  serve	  as	  primary	  
author	  for	  any	  manuscripts	  detailing	  technical	  specifics	  of	  implementing	  TPAD	  treatment	  
in	  a	  population	  of	  individuals	  after	  stroke.	  	  Other	  participating	  members	  of	  the	  research	  




C.2.  Patient Intake Form – CRF_01a 
Subject ID: __________________                            Protocol #:  AAAR2407 
TPAD_D 
Subject Information Sheet 
 
Demographic Information:  
Subject Name: ____________________________ 
Gender:  Male Female 








Phone: (Home) _____________________________ 
            (Mobile) _____________________________ 
 
Emergency/Alternate Contact Information: 
Name: ________________________ 
Phone: __________________ (Home) 
            __________________ (Mobile) 
 

















Date of Stroke: __________________ 
Where were you treated for your stroke? ________________________ 
Type/Cause of Stroke: Ischemic / Hemorrhagic 
Affected Side:  Left / Right 
Location of Stroke:  MCA Territory     Subcortical/Basal Ganglia 
Internal Capsule Pontine               Other: __________________ 
 
Hand Dominance: Left / Right  
 









C.3.  Montreal Cognitive Assessment (MoCA) 
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C.4.  Functional Ambulation Category (FAC)  








0 Nonfunctional  Unable to ambulate  
Ambulates only in parallel bars  
Requires supervision or 
physical assistance from > 1 
person  
 
1 Dependent, Level 
II 
Requires manual contact of one 
person during ambulation on 
level surfaces  
Manual contact is continuous 
and necessary to support body 
weight and/or to maintain 
balance or assist coordination  
 
2 Dependent, Level I Requires manual contact of one 
person during ambulation on 
level surfaces  
Manual contact is continuous or 
intermittent light touch to assist 
balance or coordination 
3 Dependent, 
Supervision 
Ambulation occurs on level 
surfaces without manual 
contact of another person  
Requires stand-by guarding of 
one person because of poor 
judgment, questionable cardiac 
status, or the need for verbal 
cuing to complete the task  
 
4 Independent, Level 
Surfaces Only  
Ambulate is independent on 
level surfaces  
Requires supervision/physical 
assistance to negotiate stairs, 
inclines, or unlevel surfaces.  
 
5 Independent, Level 
and Non-Level 
Surfaces 
Ambulation is independent on 
unlevel and level surfaces, 





C.5.  Stroke Impact Scale (SIS)
Stroke Impact Scale 16   Subject ID      
 
In the past 2 weeks, 














a. Dress the top part of 
your body? 5 4 3 2 1 
b. Bathe yourself? 5 4 3 2 1 
c. Get to the toilet on 
time? 5 4 3 2 1 
d. Control your bladder 
(not have an accident)? 5 4 3 2 1 
e. Control your bowels 
(not have an accident)? 5 4 3 2 1 
f. Stand without losing 
balance? 5 4 3 2 1 
g. Go shopping? 5 4 3 2 1 
h. Do heavy household 
chores (e.g. vacuum, 
laundry or yard work)? 
5 4 3 2 1 
i. Stay sitting without 
losing your balance? 5 4 3 2 1 
j. Walk without losing 
your balance? 5 4 3 2 1 
k. Move from a bed to a 
chair? 5 4 3 2 1 
l. Walk fast? 5 4 3 2 1 
m. Climb one flight of 
stairs? 5 4 3 2 1 
n. Walk one block? 5 4 3 2 1 
o. Get in and out of a 
car? 5 4 3 2 1 
p. Carry heavy objects 
(e.g. bag of groceries) 
with your affected 
hand? 
5 4 3 2 1 
 
 
Total Score:         
	 140	
 
C.6.  Pre Test Assessment Form – CRF_03a  
Subject ID: __________________                            Protocol #:  AAAR2407 
	





Assessment	Visit:		 	 	 	 Assessment	Visit	Date:			 	 	 	
	
Participant	Height:			 	 	 	 	(cm)	
	








Trial	1:			 	 	 	(sec)	
Trial	2:			 	 	 	(sec)	
Trial	3:			 	 	 	(sec)	
	
Mean:				 	 	 	(sec)	
	
	




and	any	follow	up.	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	





C.7.  Berg Balance Scale (BBS) 






















   



















      

      
      
Sitting unsupported      ________ 
      
       
     
     
   
     
      
      
     
     



























































































































































C.8.  OG Pre/Post Intervention Day Assessment Form CRF_03 
Subject ID: __________________                            Protocol #:  AAAR2407 
	














Trial	1:			 	 	 	(sec)	
Trial	2:			 	 	 	(sec)	
Trial	3:			 	 	 	(sec)	
	
Mean:				 	 	 	(sec)	
	
Post	Training	
Trial	1:			 	 	 	(sec)	
Trial	2:			 	 	 	(sec)	
Trial	3:			 	 	 	(sec)	
	






and	any	follow	up.	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	






C.9.  Training Day Checklist – CRF_04 
Subject ID: __________________                           Protocol #:  AAAR2407 
	
Data	Entered	by:			 	 	 	 	 	 Date:				 	 	 	
TPAD_D		
	
































































C.11.  Treadmill Training Form - CRF_02 
Subject ID: __________________                            Protocol #:  AAAR2407 
	






Intervention	Visit	Number:			 	 	 Date	of	Service:			 	 	 	
















Comments	/	Notes	on	Treatment	Session:			 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	 	
	
	




	 RPE	 HR	 Videos	
Taken	At	
Completed	
Resting	(prior	to	onset)	 	 	 Baseline	 	
After	Baseline/Before	TPAD	 	 	 Minute	5	 	
After	Min	10	during	TPAD	 	 	 Minute	15	 	
After	Min	20	during	TPAD	 	 	 Minute	25	 	
After	Min	30	during	TPAD	 	 	 Minute	35	 	
After	TPAD/Before	Post	Training	 	 	 Post	Train	 	
After	Post	Training/Before	Overground	 	 	 During	OG	 	
After	Overground	 	 	 Assessments	 	
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C.12.  Follow Up Assessment Form - CRF_03b
Subject ID: __________________                            Protocol #:  AAAR2407 
	













Trial	1:			 	 	 	(sec)	
Trial	2:			 	 	 	(sec)	
Trial	3:			 	 	 	(sec)	
	
Mean:				 	 	 	(sec)	
	
	




and	any	follow	up.	 	 	 	 	 	 	 	 	 	
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 Introduction to the study: 
 
Stroke is the leading cause of disability worldwide, and predictions indicate that the 
prevalence of stroke will continue to rise1. Impairments resulting from stroke lead to mobility 
deficits in the lower limb, affecting gait 2.  Symmetry is a critical component to describe the 
characteristics and overall skilled quality of gait, specifically in respect to reductions in walking 
speed3–6 and limitations in endurance and the flexibility to adapt to different environmental 
contexts4–8.  Asymmetries between the paretic and non-paretic limb exist in spatial and temporal 
parameters of gait as well as in load force production of the limbs 8–11.  Increases in load force of 
the paretic limb (improved symmetry) have been correlated with gains in temporal gait 
parameters as well as improved modulation of gait speed 3,6,7,12.   
Traditional care models have focused on improving gait velocity and reducing 
asymmetry in a post stroke population, however despite efforts, there is questionable carry over 
into community participation activities13–15 and individuals are left with residual deficits16.  
Body-weight supported treadmill training (BWSTT) has been used to increase gait velocity and 
remediate asymmetries in this population 3,17–20.  BWSTT can provide training at a higher 
intensity (number of steps per therapy session) than can be achieved in traditional overground 
care models21, with a greater reproducibility of step kinematics22.  Further, the task-specific 
nature of this training makes BWSTT appealing 18,21–27.  However, despite these benefits, 
BWSTT has not proven to be more efficacious than traditional training 17,21,23.   
Robotic devices have also been used to improve gait velocity and symmetry.  These 
devices share many of the same promising design features as BWSTT including providing a 
higher intensity training26,28–30 with a greater kinematic reproducibility of stepping parameters31 
than do traditional care models.  Also, similar to BWSTT, these devices do provide training that 
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 is task-specific in nature
26,28–30.  However, despite best efforts, robotic-based gait training 
devices have been shown to have effects similar to conventional care models28–32.  This is likely 
due to employing guided assist control models33 that render robotic treatments more passive than 
active on the part of the user34.  These training paradigms can be beneficial in the early stages of 
learning, as they provide the learner with information about an ‘ideal’ or desired pattern that can 
be used as a reference for future movements in the development of the motor program 34–37.  
However, a drawback of guided assist control is that if the guidance is not reduced over the 
course of training, users can become dependent on the guided feedback they receive from the 
system, which improves performance, but can lead to reduced retention35–37.   
The tethered pelvic assist device (TPAD) is a novel robotic device that uses an 
arrangement of force tethers attached to a pelvic belt to manipulate load forces on the pelvis38,39.  
In contrast to other robotic devices, the TPAD does not move or guide the limb to a target 
position during gait tasks, but maintains a prescribed force or guided assist at the level of the 
pelvis to increase loading onto the paretic limb while the user freely controls the spatiotemporal 
aspects of limb movement.  This allows the user to play an active role during training, rendering 
the TPAD an ideal device to explore various training paradigms while promoting a sufficient 
training intensity to drive motor learning and maximize the effects of gait training.   
Rationale for current trial:  
A detailed description of the TPAD can be found in the Standard Operating Procedures 
Manual.  Prior experiments have used the TPAD to improve loading onto the paretic limb in a 
post-stroke population39.  Initial studies using the TPAD in this population delivered a short 
duration of TPAD training that provided guided loading directly onto the paretic limb during a 
single training session.  Measures of perceived exertion using the Borg Scale were recorded, as 
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 was the number of falls sustained during study participant.  Results showed no falls and Borg 
Scale measures indicated this was a feasible training paradigm for individuals post-stroke.  
Further, results also demonstrated that participants were able to increase loading onto the paretic 
limb during training, and these gains were maintained even when TPAD forces were removed 
during a post-training interval on the treadmill.  However, gains made on the treadmill did not 
transfer to improvements in overground spatiotemporal gait measures.  
A follow up experiment looked at the effects of TPAD training in two different training 
paradigms over the course of a five-day training.  For this study, the TPAD tethers were arranged 
to apply a horizontal force in the anterolateral direction to induce a weight shift onto the limb 
during the stance phase of gait without downward forces that passively increase loading onto the 
limb.  Similar to the previous study, the goal of the TPAD training was to improve load 
symmetry between the two limbs.  In addition to the application of TPAD forces, augmented 
visual feedback was supplied during the course of the training period.  This feedback reflected 
the amount of loading onto the paretic limb in real time and provided a visual representation of 
the task goal.  While the details of the two training paradigms will not be discussed here, results 
were equivocal between the two paradigms.  Both training paradigms showed improvements in 
load forces on the paretic limb, and thus improved load symmetry between the two limbs.  
Further, in both training paradigms these improvements were retained after force tethers were 
removed on the treadmill.  However, neither of these training models proved effective at 
promoting transfer of increased load force symmetry from treadmill training to gains in 
overground spatiotemporal gait parameters.   
Results from these prior studies suggest that TPAD training in a post-stroke population is 
feasible in regards to safety and tolerance to treatment.  Further, TPAD based training has 
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 demonstrated limited preliminary efficacy in improving loading onto the paretic limb and 
reducing load force asymmetry.  However in both studies, participants were not able to transfer 
gains in load symmetry to overground spatiotemporal measures.  In the initial study using the 
TPAD device, the haptic guidance received specifically directed limb loading onto the paretic 
side minimizing the active engagement from the user in the training process.  Further, this 
training was provided over the course of single, short duration training session.  In the following 
study, modifications were made to configure TPAD tethers in a way that provided guidance to 
weight shift over the affected limb, while still enabling the user to play an active role in the 
training process.  Further, visual feedback was also provided to further engage the user during 
training.  However, this visual feedback was not faded over the course of the five-day training.  It 
is plausible that the gains seen on the treadmill were mitigated by the lack of fading, limiting 
transfer to overground measures.   
Other studies have incorporated a short bout (5-10 minutes) of over ground training to 
reinforce the goals of the treadmill based intervention4,40.  It is plausible that the task-specific 
nature of over ground training is critical to promote transfer of treadmill training to overground.  
For the current experiment, visual guidance will be faded over the course of training to promote 
symmetry during a retention period in which tethered forces are removed.  Further, we will also 
integrate an overground training component reinforcing weight shift onto the paretic limb in an 
effort to promote transfer of improved load symmetry to overground spatiotemporal gait 
parameters.   
Study Objectives: 
The chief purpose of this study is to evaluate the overall feasibility of implementing a 
five-day, treadmill-based TPAD training with faded visual feedback and an additional task 
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 specific over ground training component to reduce asymmetry in individuals with chronic stroke 
(> six months after incident).   
SPECIFIC OBJECTIVES: 
1) Is this five-day intervention using the TPAD and incorporating faded visual feedback 
and overground walking feasible in terms of safety, treatment tolerance and adherence in 
individuals with chronic stroke who present with gait asymmetry?   
As a measure of treatment efficacy, this study will specifically address the following 
questions:   
2) Is this treatment paradigm effective at improving load force symmetry over the course 
of five training sessions as measured from Baseline Day one to Post Training Day five?  
3) Is this training paradigm effective to promote transfer and improve stance time 
symmetry in over ground gait as measured from a mean of the three days in Pre Testing to Post 
Testing?   
The presence of preliminary efficacy in the prior two questions, coupled with measures of 
safety, treatment tolerance and adherence will be used to answer the over arching question of 
feasibility and preliminary efficacy. 
Study Design 
We will conduct a single arm, pre / post study with a series of three baseline (Pre-Test) 
measures, a single post assessment (Post-Test) and a one-week follow up assessment (Follow 
up).  Feasibility measures (in terms of adherence, tolerance and safety) will also be recorded.  
The availability of feasibility measures is critical for planning future, long-term, randomized 
controlled trials.  Based on prior work, force symmetry can be improved with TPAD training.  
However, we offer that the integration of a task specific overground training component will 
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 allow individuals to improve transfer of force symmetry into spatiotemporal gait parameters that 




 Figure 1:  Trial Schema 
 
 
A total of 12 participants will be enrolled to participate. Participants will be assessed over 
a series of three over ground Pre-Tests by a member of the study team.  On completion of over 
ground Pre Tests, symmetry ratios (paretic/non-paretic limb) will be calculated for percentage of 
time in stance phase.  The mean value of these ratios will be calculated.  As the minimal 
detectable change (MDC) for time in stance has been identified as 0.095, participants will be 
required to have a mean symmetry ratio of 0.90 or less of time in stance after Day one of Pre 
Testing to be considered eligible for participation in the trial.  Details of other 




 Pre-Test 2 
(1 hour) 
Over Ground 
 Pre-Test 3 
(1 hour) 
Over Ground  
1-week Follow Up 
(1 hour) 
TPAD Training 


























































 inclusion/exclusion criteria can be found in the Standard Operating Procedure Manual for this 
study.  The details of data collection are outlined here with an associated plan for statistical 
analysis.   
Following these three visits of Pre-Test assessments, participants will return to complete 
five consecutive days of the training intervention.  The intervention will consist of five 
consecutive days of TPAD training plus visual feedback training with a short over ground 
training (5-10 minutes) each day immediately following completion of treadmill based activities.  
After participants are readied for intervention, they will be assisted onto the treadmill and the 
treadmill will be initiated.  Individuals will self-select gait speed with a physical therapist 
confirming speed is safe for the duration of training.  Once gait speed is set, individuals will 
initiate five minutes of Baseline gait on the treadmill during which load force measures are 
recorded at minute 0-1 (BL1), minute 2-3 (BL2) and minute 4-5 (BL3).  This Baseline gait will 
be followed by 40 minutes of tethered TPAD training with visual feedback provided.  The 
amount visual feedback will be faded over the course of the five-day training.  On completion of 
the tethered portion of training, participants will continue to ambulate on the treadmill for an 
additional 10 minutes during a Post-Training period.  Measures of load force will be recorded 
during minute 0-1 (PT1), minute 3-4 (PT2), minute 6-7 (PT3) and minute 9-10 (PT4) of Post 
Training.  Participants will then be assisted off the treadmill and an additional 5-10 minutes of 
over ground training will be conducted reinforcing weight shifting onto the paretic limb.  
Participants will be required to complete at least four days of training for data to be considered in 
the final analysis.  Training sessions will last approximately 60 minutes (one hour) in duration.   
On the fifth day of training, immediately following the final training session, participants 
will be allowed a 10-15 min seated rest break and over ground measures will be reassessed (Post 
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 Test).  All participants will be asked to return one week after completion of the intervention to 
undergo one final over ground assessment (Follow Up).   
Sample size justification 
This is a pre/post pilot with a one week follow up using multiple baseline (Pre-Test) 
measures to establish a baseline level of function and variability of gait.  Results from this study 
will be used to calculate sample size for future, larger trials in this population.  
Study Outcomes 
1. Feasibility 
The primary feasibility outcomes will include an evaluation of safety, tolerance to 
treatment, and adherence over the course of the trial.   
1.1. Safety of the intervention will be assessed by recording the number of adverse events 
(AE) and/or serious adverse events (SAE) that occur throughout the duration of the trial 
and will be reported as summary data.   
1.2 Treatment tolerance will be measured primarily by rates of perceived exertion (RPE) 
and secondarily by the percentage of maximum heart rate (HRmax) throughout daily 
training sessions.  
1.3 Rates of adherence will be presented as a proportion of visits attended out of the total 
study visits.  Participants who are not able to complete at minimum four out of the five 
training visits (80% adherence) will not be included in the final data analysis. 
2. Efficacy 
There will be two primary measures of preliminary efficacy.  First, we aim to establish 
treatment efficacy on the treadmill.  Additionally, we aim to determine whether individuals will 
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 be able to transfer gains to improve symmetry in over ground parameters.  Specific outcomes are 
as follows:   
2.1 The primary outcome measure for efficacy of training on the treadmill will be the 
calculated load force symmetry ratio as measured load force recorded during Baseline 
and Post Training on the treadmill with embedded force plates.   
2.2 The primary outcome measure for efficacy of transferability will be the stance 
symmetry ratio calculated from percentage of time in spent in stance phase of the gait 
cycle.  This will be extracted from data provided by APDM® inertial sensors and 
measured by the mean of the Pre Test visits to Post Testing. 
2.3 Secondary measures of preliminary force efficacy will include within day changes in 
load force symmetry as taken on the treadmill.  As secondary outcomes to evaluate for 
transfer of the intervention to overground gait, APDM® inertial sensors will be used to 
record the percentage of time spent in double support, time in swing phase, stride length, 
and stride velocity.  Symmetry ratios will be calculated for percentage of time in swing 
phase of the gait cycle, and stride length. Gait velocity as a measure of time performing 
the 10MWT will also be recorded.  Lastly, as an additional balance measure, we will also 
use the total score of the Berg Balance Scale (BBS). 
See Table 1 for a detailed list of measures recorded.  
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 Table 1.  All outcome variables and time points at which they will be measured.  
Table 1 key for time points when variables are measured. 
1=Pre-Testing; 2=Prior to daily treadmill intervention; 3=Baseline on treadmill; 
4=Tethered TPAD Treatment; 5=Post Treatment on treadmill; 6=Post Overground 
Training; 7= Post Testing; 8=1-Week Follow Up Testing 
 













































Measures of Body Functions 
 










Overground Spatiotemporal Measures of Gait 
5. Stance 
Symmetry 
























8. Stride Length 
Symmetry 





9. Stride Length 











11.  Gait Velocity 
 
















 3. Data collection and handling 
Pre-Testing, Post-Testing and Follow Up gait assessments (percentage of time in 
stance, swing, double support, stride length, and stride velocity) will be recorded using 
APDM® inertial sensors as participants complete a series of three, 10 meter walk tests 
(10MWT).  Gait velocity and Berg Balance Scale (BBS) results will be recorded on paper 
forms at the time of assessment.  Baseline, Training and Post-Training measures of load 
force will be recorded via force plates embedded in the treadmill.  Safety 
issues/injuries/falls and adherence will be noted on paper forms at day of visit.  Measures 
of perceived exertion will be verbally taken and recorded on paper forms.  Heart rate will 
be taken using a Polar H10 heart rate monitor and recorded on paper forms.   
 All assessment and intervention data will be coded by a participant identification 
code and entered into a Microsoft Excel Spreadsheet.  This spreadsheet will be stored on 
a CUMC password secured and encrypted end point device.  Hard copies of paper forms 
will be filed by participant identification code number, and kept in a locked file cabinet in 
the locked office of a member of the research team at CUMC.  Only members of the 
research team will have access to the electronic and hard copy data.  The code key for 
each participant will be stored in the hard copy of each file.  No electronic code key will 
be made.    
4. Definitions/Calculations 
The following section describes each measure used in the study.  Calculated 




 4.1 Feasibility Measures  
4.1.1 Safety 
Assessed at each study visit 
All falls, injuries, and any safety concerns that arise will be recorded on paper forms and 
reported summarily.   
 
4.1.2 Adherence 
Variable = ADHER 
Assessed at each study visit 
Attendance will be recorded on paper forms at each study visit. 
 
4.1.3 Tolerance   
4.1.3.1. Ratings of Perceived Exertion  
Variable = RPE 
Assessed at each training visit at time points 2,3,4,5, and 6.   
Perceived exertion will be measured by the Borg Scale. The Borg Scale is 
displayed for participants throughout each training session.  Individuals are read a script 
explaining the use of the scale (See script in Standard Operating Procedures Manual) and 
asked for a numeric value that represents their overall level of exertion.  Responses will 
be recorded on paper forms.   
 
4.1.3.2 Heart Rate 
Variable = HRmax 
Assessed at each training visit at time points 2,3,4,5, and 6.   
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 Measures of heart rate will be taken via Polar H10 monitor and recorded on paper 
forms.  The maximum heart rate reached by each participant will be reported as a 
percentage of the participant’s heart rate maximum. 
HRmax = 220 – participant’s age 
Individual Percentage of HRmax  = (Measured HR/(220 – age)) *100 
 
4.2 Efficacy Measures 
4.2.1 Force Measures 
Variable = Fz 
 
Assessed at each training visit at time points 3 and 5. 
Measures of load force will be taken while the participant is ambulating on the 
treadmill during both Baseline gait (at minute 0-1 (BL1), minute 2-3 (BL2) and minute 4-
5 (BL3)) and Post Training (during minute 0-1 (PT1), minute 3-4 (PT2), minute 6-7 
(PT3) and minute 9-10 (PT4)).  This will be recorded via force plates embedded under 
the treadmill belts.  The magnitude of force in the downward, vertical direction (z) and 
time the force was exerted on each force plate (for each the paretic and non paretic limb) 
will be extracted and used for analysis.  These forces and times will be multiplied to yield 
an impulse force, and symmetry ratios will be calculated from the impulse of the load 
force.   
Impulse Force = Fmagnitude * Ftime 
Force Symmetry = FzParetic/FzNon-paretic) 
4.2.2 Spatiotemporal Measures 









 Assessed at time points 1,2,6,7, and 8 during a series of 3 instrumented 10-meter 
walk tests.  
 
 Participants will be instrumented with APDM® inertial sensors and perform a 
series of three, 10-meter walk tests (10MWT).  Once sensors are placed, individuals will 
begin the test in a standing position at one end of a marked 14-meter path.  They will be 
asked to walk to a line at the end of the marked path using the instructions, “Please walk 
at a comfortable pace to the line at the other end of the hallway.  Do you see the line?”.  
A member of the research team will tell the participant when to begin.  A 10-meter 
section at the middle of the path will be labeled.   A stopwatch will be used to time the 
participant during ambulation of the middle 10-meters.  Time of ambulation for 10MWT 
(10MWTIME) will be recorded on paper forms. Other variable data (STANCE, SWING, 
DS, StrLENSYM, StrLENGTH, StrVEL) will be downloaded in .csv file format from 
APDM® Mobility Lab software.   
 
Mean values of the three trials will be calculated: 
Mean = (10MWTTrial1 + 10MWTTrial2 + 10MWTTrial3)/3 
 
Mean values will be reported directly (10MWTIME, DS, StrLENGTH, StrVEL), or used 
to calculate symmetry ratios.   
 
Symmetry ratios will be calculated from the mean values as follows: 
STANCE Symmetry Ratio = (% of time in Stance Paretic/Non-Paretic Limb) 
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 SWING Symmetry Ratio = (% of time in Swing Paretic/Non-Paretic Limb) 
StrLENSYM Symmetry Ratio = (Stride Length Paretic/Non-Paretic Limb) 
 
4.2.3 Balance Measure 
 
Berg Balance Scale  
Variable = BBS 
Assessed at time points 1,7, and 8. 
 This assessment is a 14-item test that has been validated in various populations 
(including individuals post stroke) to measure balance41.  The items are performed in 
either seated or standing postures, and the total score reflects a quantitative measure of 
balance.   
Scoring 
Each of the 14 items is scored individually based on a numeric scale of 0 (unable to 
perform) to 4 (able to maximally perform task).  The total score reflects a summation of 
each of the individually scored items (maximum score = 56).  All BBS examinations 
were video recorded, and an external rater, blind to the study protocol and to testing 
order, scored the test based on the video recording.   
5.  Missing Data 
Missing data will be identified as soon as possible after data collection and an 
attempt made to get as much information as possible about the data point in question.  
Missing data will be excluded from the final analysis.  If a single variable has more than 





 6.  Outliers 
Any unusual data points or measures will be reviewed for authenticity both during 
and after the trial.  The influence of any outliers on the primary analyses will be checked.  
If any outliers are removed from the dataset, this will be reported along with the rationale 
for exclusion.  
7. Study/Analysis Time Frame 
The total time for individual participation in the study is three weeks.  The 
participant will complete three initial (pre-test) assessments within one week.  The 
following week s/he will receive the five-day training and the post-test assessment.  The 
individual will return the third week for a single follow up assessment.   
Statistical Analyses 
 Statistical assumptions and normality will be tested prior to running statistical analysis 
for measures of treatment tolerance, force symmetry, spatiotemporal gait parameters including 
stance symmetry and balance.  A p value of 0.05 or lower will be considered statistically 
significant for all analyses.  
1.  Descriptive Analysis 
We will report descriptive statistics (age, gender, side of impairment, time since 
stroke event, baseline functional ambulation scoring, and stroke impact scale scores) 






 2. Analysis of Primary Outcomes 
2.1 Primary Outcomes of Feasibility 
2.1.1 Safety 
All adverse events (related to participation) including any injuries or falls will be 
reported summarily in the final report.  
2.1.2 Treatment Tolerance 
Group means (SD) of Rate of Perceived Exertion (RPE) over the course of the 
intervention will be reported summarily for the group.  A repeated measures analysis of 
variance (ANOVA) will be used to determine effect, or change of RPE over the course of 
the intervention (by day).  The percentage of maximum heart rate (HRmax) will also be 
reported using descriptive measures (mean, standard deviation) for the group, and a 
repeated measures ANOVA used to assess for change over the course of the intervention.  
2.1.3 Adherence 
The proportion of adherence to the intervention will be reported descriptively as a 
percentage of total visits.   
2.2 Primary Outcomes of Preliminary Efficacy 
Prior to statistical analysis, a visual inspection of the data will be completed.  Celeration 
lines with additional 2 standard deviation bands will be added to graphical representations of the 
data to aid in statistical analyses. 
2.2.1 Load Force (Fz) 
Mean values of Fz Symmetry Ratios will be compared over the course of the five-
day training.  Specifically, after normality is tested, either a Wilcoxan Signed Ranks test 
or a paired t test will be used to examine ratio values from the mean of Baseline Day one 
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 to Post Training Day 5.  These values will be reported with the associated level of 
significance. Effect sizes and 95% confidence intervals will also be calculated and 
reported in the final report.  Results will also be presented graphically.  
2.2.2 Stance Time Symmetry Ratio 
Descriptive values (mean (SD)) of stance symmetry will be included in the final 
report.  Mean values of Stance symmetry ratios will be analyzed using repeated measures 
ANOVA to first compare the relationship of the multiple pre-test measures.  If there is no 
significant difference between the multiple pre-test measures, then the mean of the pre-
test measures will be compared to measures at post-test and follow up also using a 
repeated measures ANOVA.  Bonferonni corrections will be used to control for multiple 
comparisons.  The F value and statistical significance will be reported with 95% 
confidence intervals and effect sizes.  A graphical representation of the data will also be 
reported.   
Secondarily, a linear regression model of daily change over time will be created 
using change scores from the mean of the three Pre Test measures to Day 1 of training.  
Within day changes for each of the five training days and changes from daily Pre Testing 
and from daily Post Testing will also be examined with a regression over time.  Results 
of the regression models will be used to determine the presence of a significant change 
over the course of the intervention and will be reported with the corresponding slope.   
3. Analysis of Secondary Outcomes 
3.1 Load force within session 
Descriptive statistics (Mean (SD)) of daily load symmetry will be reported.  
Within day comparisons of load force symmetry (mean of Baseline to same day Post 
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 Training at each PT1, PT2, PT3, PT4) will be made using paired t tests (or Wilcoxan 
Signed Ranks tests) and reported with the appropriate t/Z statistic and p value.  Effect 
sizes and 95% confidence intervals will also be calculated and reported in the final report.  
Results will also be presented graphically.  
3.2 Swing Symmetry Ratio  
Descriptive statistics (Mean (SD)) will be calculated and reported.  Mean values 
of swing symmetry will be analyzed using repeated measures analysis of variance 
(ANOVA) to compare the mean of the pre-test measures to measures at post-test and 
follow up.  Bonferonni corrections will be used to control for multiple comparisons.  
Effect sizes, and 95% confidence intervals will be calculated and reported with the F/Z 
statistic and p value.  A graphical representation of the data will also be reported.  Similar 
to stance symmetry, a linear regression model of daily change over time will be created 
using change scores from the mean of the three Pre Test measures to Day 1 of training.  
Within day changes for each of the five training days and changes from daily Pre Testing 
and from daily Post Testing will also be examined with a regression over time.  Results 
of the regression models will be used to determine the presence of a significant change 
over the course of the intervention and will be reported with the corresponding slope. 
 
3.3 Percentage of Time in Double Support 
Descriptive statistics (Mean (SD)) will be calculated and reported.  Mean values 
of time in Double Support during the gait cycle will be analyzed using repeated measures 
analysis of variance (ANOVA) to compare the mean of the pre-test measures to measures 
at post-test and follow up.  Bonferonni corrections will be used to control for multiple 
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 comparisons.  Effect sizes, and 95% confidence intervals will be calculated and reported 
with the F/Z statistic and p value.  A graphical representation of the data will also be 
reported.  Similar to stance and swing symmetry, a linear regression model of daily 
change over time will be created using change scores from the mean of the three Pre Test 
measures to Day 1 of training.  Within day changes for each of the five training days and 
changes from daily Pre Testing and from daily Post Testing will also be examined with a 
regression over time.  Results of the regression models will be used to determine the 
presence of a significant change over the course of the intervention and will be reported 
with the corresponding slope. 
 
3.4 Stride Length Symmetry Ratio 
Descriptive statistics (Mean (SD)) will be calculated and reported.  Mean values 
of Stride Length Symmetry ratios will be analyzed using repeated measures analysis of 
variance (ANOVA) to compare to compare the mean of the pre-test measures to 
measures at post-test and follow up.  Bonferonni corrections will be used to control for 
multiple comparisons.  Effect sizes, and 95% confidence intervals will be calculated and 
reported with the F/Z statistic and p value.  A graphical representation of the data will 
also be reported.  Similar to stance and swing symmetry and double limb support, a linear 
regression model of daily change over time will be created using change scores from the 
mean of the three Pre Test measures to Day 1 of training.  Within day changes for each of 
the five training days and changes from daily Pre Testing and from daily Post Testing 
will also be examined with a regression over time.  Results of the regression models will 
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 be used to determine the presence of a significant change over the course of the 
intervention and will be reported with the corresponding slope. 
3.5 Stride Length 
Descriptive statistics (Mean (SD)) will be calculated and reported.  Mean values 
of Stride Length will be analyzed using repeated measures analysis of variance 
(ANOVA) to compare to compare the mean of the pre-test measures to measures at post-
test and follow up.  Bonferonni corrections will be used to control for multiple 
comparisons.  Effect sizes, and 95% confidence intervals will be calculated and reported 
with the F/Z statistic and p value.  A graphical representation of the data will also be 
reported.  Similar to stance and swing symmetry and double limb support, a linear 
regression model of daily change over time will be created using change scores from the 
mean of the three Pre Test measures to Day 1 of training.  Within day changes for each of 
the five training days and changes from daily Pre Testing and from daily Post Testing 
will also be examined with a regression over time.  Results of the regression models will 
be used to determine the presence of a significant change over the course of the 
intervention and will be reported with the corresponding slope. 
 
3.6 Stride Velocity  
Descriptive statistics (Mean (SD)) will be calculated and reported.  Mean values 
of Stride Velocity will be analyzed using repeated measures analysis of variance 
(ANOVA) to compare to compare the mean of the pre-test measures to measures at post-
test and follow up.  Bonferonni corrections will be used to control for multiple 
comparisons.  Effect sizes, and 95% confidence intervals will be calculated and reported 
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 with the F/Z statistic and p value.  A graphical representation of the data will also be 
reported.  Similar to stance and swing symmetry and double limb support, a linear 
regression model of daily change over time will be created using change scores from the 
mean of the three Pre Test measures to Day 1 of training.  Within day changes for each of 
the five training days and changes from daily Pre Testing and from daily Post Testing 
will also be examined with a regression over time.  Results of the regression models will 
be used to determine the presence of a significant change over the course of the 
intervention and will be reported with the corresponding slope. 
   
3.7 Gait Velocity 
Descriptive statistics (Mean (SD)) will be calculated and reported.  Mean values 
of Stride Length Symmetry ratios will be analyzed using repeated measures analysis of 
variance (ANOVA) to compare to compare the mean of the pre-test measures to 
measures at post-test and follow up.  Bonferonni corrections will be used to control for 
multiple comparisons.  Effect sizes, and 95% confidence intervals will be calculated and 
reported with the F/Z statistic and p value.  A graphical representation of the data will 
also be reported.  Similar to stance and swing symmetry and double limb support, a linear 
regression model of daily change over time will be created using change scores from the 
mean of the three Pre Test measures to Day 1 of training.  Within day changes for each of 
the five training days and changes from daily Pre Testing and from daily Post Testing 
will also be examined with a regression over time.  Results of the regression models will 
be used to determine the presence of a significant change over the course of the 
intervention and will be reported with the corresponding slope. 
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 3.8 Balance 
Descriptive statistics (Mean (SD)) will be calculated and reported.  Mean values 
of raw scores on the BBS will be analyzed using repeated measures analysis of variance 
(ANOVA) to compare the mean of Pre-Test measures to measures at Post Test and 
Follow Up also using a repeated measures ANOVA.  The F value and statistical 
significance will be reported.  A graphical representation of the data will also be reported.  
Effect sizes and 95% confidence intervals will also be calculated and included in the final 
report. Descriptive statistics (Mean (SD)) will be calculated and reported.  Mean values 
of Stride Length Symmetry ratios will be analyzed using repeated measures analysis of 
variance (ANOVA) to compare to compare the mean of the pre-test measures to 
measures at post-test and follow up.  Bonferonni corrections will be used to control for 
multiple comparisons.  Effect sizes, and 95% confidence intervals will be calculated and 
reported with the F/Z statistic and p value.  A graphical representation of the data will 
also be reported.  Similar to stance and swing symmetry and double limb support, a linear 
regression model of daily change over time will be created using change scores from the 
mean of the three Pre Test measures to Day 1 of training.  Within day changes for each of 
the five training days and changes from daily Pre Testing and from daily Post Testing 
will also be examined with a regression over time.  Results of the regression models will 
be used to determine the presence of a significant change over the course of the 
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F.  The feasibility of using the TPAD to reduce asymmetry in individuals with 
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Introduction 
Stroke is a leading cause of disability worldwide and projections indicate that the 
prevalence of stroke will continue to rise1. Residual hemiparesis, spasticity, and impaired motor 
control are major contributors to gait impairments and activity limitations in stroke survivors2.  
In one study examining individuals six months post stroke, 50% had residual hemiparesis and 
30% were unable to ambulate unassisted3.  Despite conventional-based interventions, chronic 
gait deficits that limit functional abilities persist and impact quality of life4–6. 
A common characteristic of gait in individuals post stroke is asymmetry, or a disparity 
between gait parameters in the affected and non-affected limbs7–16.  While a direct cause of gait 
asymmetry cannot be named9, unilateral changes in muscle tone2,17, impairments in motor 
control9,12,17, and muscle weakness12,16,18 alter typical movement of the affected limb. Decreased 
loading9,12 weakens propulsive forces, thereby making it more difficult to translate the body over 
the limb7,8,11,12 and reduces stance time on the affected limb10,13,15,16.  This, in turn, results in 
asymmetry7–16.  Asymmetries are evident in both spatiotemporal and loading parameters during 
gait.  In addition, asymmetrical weight bearing patterns have been related to changes in both 
swing and stance time as well as step length9. It has been argued that measurements of symmetry 
between the paretic and non-paretic limb offer critical insight of a stroke survivor’s ability to 
functionally ambulate within the community10,14,19.   
A primary goal of traditional physical therapy has been to improve symmetry between 
the paretic and non-paretic limbs20.  One strategy has been to compel weight shifting onto the 
affected limb by placing a wedge or lift into the shoe on the unaffected side, driving weight onto 
the affected limb.  This intervention has been shown to increase weight shift, balance and trunk 
control in sitting and quiet stance21–24, but yielded confounding results when used during gait 
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 training
25,26.  Due to limited improvement in gait, it is unknown the degree to which this 
intervention can carryover into functional community ambulation21–26.   
Another treatment to remediate asymmetry is to employ guidance in conjunction with 
treadmill training.  This is often done in combination with body weight supported treadmill 
training (BWSTT) by either manual or robotic physical guidance of the lower limbs27–31.  
BWSTT with guidance of foot placement has been shown to improve stance time on the 
impaired limb30 and overall gait velocity27–31.  However, it remains unclear whether manual or 
robotic guidance is more efficacious30,31.  While BWSTT, such as a Lokomat® system, may 
enable an increased intensity of practice not available during overground walking in early 
stroke32, it is questionable as to whether this provides sufficient loading to elicit improvements in 
higher functioning ambulatory chronic stroke survivors.  
 According to the guidance hypothesis33,34, guidance can be employed to generate a form 
of feedback and promote skill acquisition.  Guidance provides an example internal model, and 
deviations in performance from this model produce feedback information in the form of error, 
direct error correction, and thereby guide the learner to achieve the target goal34.  Guidance, in 
combination with BWSTT, allows stroke survivors to develop an “ideal” internal model, in 
contrast to the compensatory model commonly developed due to impairments.  Once the 
guidance is reduced or removed from the training environment, deviation errors occur.  These 
errors provide information to the system in regards to movement and can be used to enhance 
performance during skill acquisition and potentially improve efficacy of training.  However, a 
limitation of this hypothesis is that if the feedback is given too frequently, it could become relied 
upon, and thus be detrimental to long-term learning and retention33,35.   
	 184	
 Robotic devices are becoming more widely applied as a treatment for stroke.  These 
devices assist patients to produce consistent, repetitive movements with training36,37.  Studies 
have demonstrated that intensity is a key factor in facilitating long-term retention of skilled 
behavior 36,37,39.  A major advantage of robotic devices is that they can deliver training at a much 
higher intensity than can be achieved during a conventional session36,38.  Like BWSTT, the 
majority of robotic systems use forms of physical guidance for training40, while providing a 
sufficient intensity (in repetitions) of training to drive learning, or recovery of functional motor 
skills36,37. Many studies utilizing various types of robotic devices have shown promising gains on 
impairment based outcomes, though there remains controversy over whether robotic treatment is 
superior to more conventional approaches4,41–46.  
 The Tethered Pelvic Assist Device (TPAD) is a robotic device designed to alter lower 
limb forces during gait without the application of additional mass47, which could change the 
dynamics of the gait cycle.   The device applies forces during gait via a series of actuated tethers 
attached to a belt around the user’s pelvis.  Once actuated, forces of the specified magnitude are 
applied via the tethers through the pelvis and can be arranged in almost any direction47,48.   A 
primary advantage of the TPAD is the ability to actively and precisely increase load on the 
affected limb(s).  This device was tested in a population of healthy adult males, who after a 
single session of asymmetric force loading, demonstrated asymmetric displacement of the pelvis 
during the single support phase of gait48.  This suggests short-term changes in gait kinematics 
can be elicited using the TPAD as a training tool. 
In contrast to many other robotic devices, the TPAD does not move the limb to a target 
position during gait tasks47,48.  In essence, the TPAD can maintain a prescribed force, or provide 
physical guidance at the pelvis to increase loading on the affected limb while the user freely 
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 controls spatiotemporal movements the limb during the training. This paradigm would allow 
error to be introduced into the training system via foot placement and thus potentially generate 
and utilize feedback to refine the internal model and improve movement. The versatility of this 
device makes it desirable to use within a gait training paradigm as it can potentially integrate 
various motor learning tenets, such as guidance, the implementation of error to enhance the 
motor plan and additionally maximizes the intensity, or number of step repetitions, as it is used 
in conjunction with treadmill training.    
The idea of integrating these motor learning strategies with TPAD robotic training is 
appealing to reduce gait asymmetries in stroke survivors.  The guiding forces provided by the 
tethers would assist in enhancing the motor plan for gait while allowing the patient to explore 
various spatiotemporal step strategies, potentially providing a means to reduce disability within 
this patient population. However, the TPAD has not, to date, been tested in a population of stroke 
survivors.  The purpose of this study was primarily to assess the feasibility of using the TPAD in 
a population of chronic stroke survivors in respect to safety and tolerance to training.  
Secondarily, we aim to explore the potential benefit on kinetic parameters after training and 




A total of 12 individuals were recruited from a voluntary outpatient stroke registry 
database for participation in this study. Inclusion criteria were: 1) single incident of stroke, 2) at 
least 6 months post stroke, and 3) independent household ambulator with or without the use of a 
cane for assist.  Subjects were excluded from the study if they had a history of other neurological 
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 impairment, cognitive impairment (score of <25 on Mini Mental Status Examination), or had 
excessive spasticity of the muscles of their lower limb (defined as >3 on a Modified Ashworth 
Scale) that would prevent them from performing gait tasks.  Further, subjects were not receiving 
additional therapies for their lower limb during the time in which they participated in this study.  
All study-related procedures were reviewed and approved by the institutional review board at 
Columbia University Medical Center.  Study information was reviewed with potential subjects, 
and all subjects gave informed written consent prior to study participation.   
Experimental Protocol 
Consistent with prior research utilizing the TPAD device in healthy adult males, an 
asymmetrical loading paradigm was implemented for the current study. Subjects were assisted 
onto an instrumented dual-belt treadmill and a pelvic belt was placed on the subject.  A series of 
four actuated tethers were attached to the belt at right/left anterior and right/left posterior 
positions.  On actuation of the motors attached to the tethers, a downward loading force equal to 
10% of the subject’s body weight was applied toward the affected limb, creating a load in the 
downward trajectory through the pelvis and continuously paralleling the affected limb 
throughout the gait cycle.  The force vectors used in this model are aimed to increase loading 
into the affected limb throughout the gait cycle (see Figure 1).  
Individuals came in for two single-session training events; one in which they received 
training utilizing the TPAD device (TPAD training), and the other in which they participated in 
gait training on the treadmill (treadmill training) with no additional forces applied.  Subjects 
were randomly assigned as to which training regimen they would receive first, with 50% of 
subjects receiving the conventional treadmill training paradigm preceding the session with 
activated TPAD forces.  Prior to each session, overground measures of gait were collected at 
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 baseline via the APDM inertial sensor recording system (APDM, Inc., ® Portland, OR, USA) in 
a series of three walking trials along a six-meter pathway.   
After overground baseline measures were taken, subjects were then equipped with 
reflective markers and the pelvic belt, and then assisted onto the treadmill for initiation of 
training.  A harness was provided for safety during both TPAD and treadmill training sessions.  
The treadmill was then initiated, and subjects were able to self-select gait speed.  To determine 
speed, subjects were instructed to select a velocity in which they could maintain for a 30-minute 
interval.  This speed was confirmed by the supervising therapist, and remained unchanged during 
both the treadmill and TPAD training sessions.   The training paradigm was mirrored for both the 
TPAD and treadmill training sessions, with the TPAD training session including application of 
additional forces as described below.  The force tethers were not added during the treadmill 
training session.  Sessions consisted of three minutes of baseline gait in which kinetic, spatial 
and temporal measures of gait were taken via force plates embedded in the treadmill and a 
Vicon® motion capture system.  This was followed by a brief pause in which cables were 
attached to the patient’s pelvic brace (See Figure 2).  During traditional treadmill training, 
patients were asked to stand on the treadmill for one minute to account for this time pause.  Once 
tethers were attached and actuated forces applied, the treadmill was re-initiated at the patient’s 
self-selected gait speed.  
Subjects underwent two, eight-minute training sessions with a one minute seated rest 
interval between the bouts of training.  After completion of the training, forces (if added) were 
removed, and subjects continued on the treadmill for an additional ten minutes of gait during 
which time kinematic, spatial and temporal measures of gait were repeated. Detailed results of 
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 these treadmill-based measures are reported elsewhere
49, but are referenced and included in the 
discussion. 
Perceived exertion was recorded at three-minute intervals throughout the session utilizing 
the Borg scale.  Overground measures of gait parameters were repeated once subjects completed 
the treadmill portion of the protocol.   
Outcome Measures 
Primary measures to assess feasibility included participants’ ability to participate and 
complete all bouts of gait training for the duration of both the treadmill and TPAD training 
sessions as well as the ability to complete overground gait measures.  We also measured 
tolerance of the training sessions by asking subjects to report rate of perceived exertion (RPE) 
before, during and after each bout of gait throughout each of the treadmill and TPAD training 
sessions using the Borg scale.  Preliminary assessments of the effects of this training on 
overground walking were assessed using APDM® inertial sensors during overground walking50–
52.  Sensors were placed over the lateral malleolus of each ankle and at approximately L2-3 of the 
lumbar area, and attached via velcro straps.  Subjects were asked to walk three trials along a six-
meter hallway at a self-selected pace. This process was completed prior to initiating each training 
session, and again on completion of the training.  Recorded measures included percentage of 
time spent in double support during the gait cycle and stride length of both the affected and 
unaffected limbs, gait velocity, percentage of time of the gait cycle spent in stance and swing 
phases.  Gait characteristics were analyzed within the population of subjects as a whole and also 




 Data Processing 
In respect to training tolerance, a change score was calculated from the pre and post 
training Borg scale RPE measures. The RPE change scores were calculated by individual, and 
the mean of each group (treadmill training group and TPAD training group) were taken.   
Symmetry ratios from spatiotemporal parameters were calculated for measures in which 
data was recorded from each limb (e.g. swing time, stride length) via the formula: 
Symmetry Ratio = Affected limb value/less affected limb value  
A ratio of “1.00” would reflect perfect symmetry between the affected and less affected limb for 
each of the parameters calculated.  Group means were calculated for each of the overground 
spatiotemporal measures, either using the calculated symmetry ratios or the raw data to prepare 
for further statistical analyses.  
Statistical Analysis 
The calculated changes in RPE scores by group (treadmill and TPAD training) were 
compared via a two-tailed t test. A two-way, repeated measures (group by time) ANOVA was 
used to compare changes between groups (treadmill and TPAD training) from pre to post 
training on spatiotemporal parameters of gait and symmetry ratios.   Two-tailed t tests were used 
to compare within group training effects.  All statistical analyses were completed using SPSS 
software (Version 23 for Mac, © IBM Corporation, 2015).   
Results 
Twelve individuals were recruited for participation as a convenience sample from a 
voluntary outpatient stroke registry database.  Of the 12 individuals, one subject had difficulty 
was unable to consistently widen her stance to adequately place one foot on each belt of the 
treadmill during both TPAD and treadmill training sessions.  Further, this same subject relied 
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 heavily on the use of an assistive device for overground gait measures resulting in recording 
errors of parameters both pre and post training. Due to these issues, this data was not included in 
the final analysis. Of the remaining 11 subjects, five were male and six were female.  Seven 
subjects had experienced ischemic stroke, with four hemorrhagic stroke survivors. The mean 
(SD) age of all subjects who participated was 55.0 (10.2) years. Table 1 provides a description of 
patient characteristics and baseline gait velocity at the baseline assessment.   
All subjects were able to successfully tolerate training with the TPAD device with no 
issues of safety or fatigue limiting their ability to complete a single training session.  No falls or 
other compromising safety issues were encountered throughout the study.  The mean increase 
(SD) of RPE on the Borg scale during participation in treadmill training was 0.27 (0.65), with 
scores ranging from 0-4 RPEs.  In contrast, subjects reported more exertion with TPAD training 
with a mean (SD) RPE increase of 0.82 (0.87), and scores ranging from 1-6 RPEs.  Despite 
differences in mean increases in RPE score, these differences were not significant between the 
groups (t = -2.206, p = 0.052).  The maximum RPE reached by an individual subject was “7 – 
Really Hard”, which was reported during the post-training portion of the session.  While no 
detailed interview was administered during the study, all subjects were asked whether or not they 
felt that training was “too difficult”, and all reported the training not to be too difficult but it did 
offer a challenge to walking.  
Results of the ANOVA showed a group treatment by time interaction for velocity, but no 
main effect of time within the group, (F=15.477, p=0.003).  The interaction effect was caused by 
a decrease in the velocity (-5.9% change, p = 0.14) after TPAD training, and an increase (4.7% 
change, p = 0.10) after treadmill training (See Figure 3). There were no other significant 
interaction effects, nor any other significant within group changes (before to after training) noted 
	 191	
 for any of the other bilateral spatiotemporal gait parameters (cadence, percentage of time in 
double support (DS)).  Table 2 shows mean values within group (treadmill training and TPAD 
training) both before and after training for all overground spatiotemporal parameters.  
Change scores of the calculated symmetry ratios (stride length, stance time, swing time) 
did not reach the level of significance for any of the gait parameters measured over ground.  
There were no significant interaction effects, and no significant differences between the groups 
over time.  Figure 3 illustrates the changes over time in symmetry ratios in both the treadmill and 
TPAD training groups for each of the spatiotemporal parameters discussed.  
Discussion 
 Training with the TPAD in individuals with chronic stroke was safe and feasible in 
respect to overall tolerance and ability of participants to complete training without compromising 
safety.  Despite not reaching significance, a trend toward increased RPE was demonstrated in the 
TPAD training as compared with treadmill training alone, suggesting that participants felt more 
fatigued after TPAD training.  Even though the maximum Borg RPE reached was “7 – Really 
Hard”, no participant asked for additional rest breaks, and all participants were able to complete 
all aspects of the training sessions, including continuing treadmill gait after the tethers (if 
applied) were removed, and participating in all overground measures after completing the 
treadmill portion of each session. 
A notable finding was the significant interaction after training between the two paradigms 
(treadmill and TPAD training) in gait velocity; there was a decrease noted in overground gait 
velocity after TPAD training and corresponding decrease after treadmill training.  Coupled with 
the fatigue findings as measured by RPEs of the Borg scale, we can likely attribute this 
interaction to the increased fatigue experienced with the TPAD training as compared with 
	 192	
 treadmill training.  Essentially, participants performed the same activity at comparable doses (in 
respect to treadmill speed for the same amount of time); however, during TPAD training, 
subjects must account for the addition of weighted forces applied through the pelvis.  Further, 
they must maintain the constant speed on the treadmill even with the force tethers applied. This 
added a level of increased intensity to the TPAD training that is not experienced with treadmill 
training alone may have led to increased fatigue. The RPE findings indicate that fatigue indeed 
played a role in potentially limiting transfer to overground gains.  It is plausible that over time 
the fatigue effects would minimize, but the sustained practice would lead to improvements in 
gait symmetry that would not normally be achieved with traditional treadmill training, 
Although there were no significant within group changes noted from TPAD training in 
overground spatiotemporal parameters, kinetic analyses did demonstrate a significantly increased 
loading effect within trained limb during the course of the TPAD training49.  This increased 
loading further remained present in the affected limb during the post training ambulation, even 
after the removal of force tethers while the subject was on the treadmill49.   Loading forces were 
not directly measured off the treadmill, during overground stance, nor during gait, however 
symmetry ratios were calculated as described above.  Symmetry ratios for each of the parameters 
calculated (stride length, percentage of time in stance and swing phases) as measured during 
overground gait did not demonstrate statistically meaningful gains, neither within the individual 
groups (treadmill and TPAD training) nor between the two groups.  Small trends were noted in 
differences in the change scores between the two groups, potentially suggestive of a training 
effect by the TPAD.  However, again, these results did not reach statistical significance.   
It is possible significance was not reached due to the small sample size and limited 
duration of training. Moreover, it is likely that the single session nature of this trial was not of 
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 adequate intensity to yield significant carryover effects overground.  Rodent models of stroke 
indicate that recovery is seen after approximately 300-400 reaches/repetitions per session of the 
upper limbs, with sessions occurring five days per week for a duration of 4-6 hours per day37  
Yet, in human models there is evidence to suggest that these intensity thresholds are not being 
met in conventional approaches to achieve lasting gains36,53,54.  Despite rigorous searching, 
authors are unaware of existing literature describing the necessary intensity required in lower 
limb repetitions to induce recovery in rodent models.  In humans post stroke, Lang et al. 
documented that during a typical therapy session (36± 14 minutes), an average of 32 repetitions 
in the upper limb and 357 steps in the lower limb were performed38.  While repetitions in the 
lower limb approached the intensity found in rodent models, training sessions occurred only 2-3 
days/week in an outpatient setting in humans, whereas training in rodents occurred daily.  This is 
grossly under dosed for recovery.  This study, however, did not employ robotics as a means to 
increase intensity of training.  The use of robotics can deliver dosing at a much higher intensity 
than what can be achieved through conventional means36.  It is plausible that the use of the 
TPAD is indeed a viable device to facilitate improvements in gait symmetry, but the 16-minute 
training dose subjects received in the current study was not adequate to induce effects in 
overground parameters.  Further, the single-session nature of this study would not be sufficient to 
facilitate long-term gains.  It is possible that with a longer duration of training, and with 
continued, multiple-session training that the significant gains seen on instrumented kinetic 
analysis49 within the single session, would lead to carry over in spatiotemporal parameters in 
overground walking.   
Another potential explanation for limited overground effects after TPAD training are that 
the TPAD forces were not applied in an optimal paradigm.  The majority of robotic systems use 
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 an assistive paradigm, or strategy to reduce error during training
40.  However, according to motor 
learning theory, both high intensity training33,36,39,53,55 as well as the introduction of error34,35,56 
play a critical role in retention of motor skills56. Motor adaptations in gait are developed as a 
direct response to perturbations, or disturbances that are introduced into the system, resulting in 
movement errors57–61.  The experience of this error and resultant development of corrective 
responses assist in formation or alteration of the motor plan, leading to long-term change56–59,61.  
The TPAD training paradigm that was utilized in this study was comparable to techniques used 
to compel weight shifting onto the affected limb21–26.  Both training paradigms utilize strategies 
in which a weight shift is maintained onto the affected limb throughout the duration of training.  
Similarly, despite the load reduction in BWSTT, the guided movement provided by the robotic 
apparatus or the therapist remains constant throughout training, potentially limiting long-term 
change27–31.  Both the compelled weight shift and BWSTT paradigms implement an error 
reduction (ER) model of training, limiting the active role of the learner.  An advantage of the 
TPAD is that even though forces are guided and consistently maintained through the affected 
limb, the limb is not guided and placed, but the user is allowed to experience error in 
spatiotemporal parameters during the training.  
A different approach that has been used to facilitate improved symmetry in the gait of 
chronic stroke survivors is an error augmentation (EA) model62.  This model augments the error 
(or asymmetry in this case) already present due to compensatory strategies.  TPAD training using 
the EA model would further augment an individual’s compensatory loading asymmetries, 
creating a larger margin of error, and thus force the individual to play an active role to reduce or 
correct these asymmetric strategies during gait, thus potentially amplifying gains and leading to a 
greater carry over to overground parameters.  This type of training has been shown to be 
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 effective in transferring improvements to overground spatiotemporal gait parameters after 
training62; however, it has not been examined in weight bearing asymmetries or kinetic loading 
training paradigms.  These results offer another, potentially more beneficial training paradigm 
for the TPAD.  Maximizing the usefulness of robotic control strategies by implementing error 
coupled with the higher intensity training could conceivably facilitate even greater improvements 
in gait. 
Limitations 
There were a number of limitations in the current study.  A critical limitation was that 
there were no specific verbal directions given to the subject throughout the training instructing 
them to attempt to increase loading in the affected limb.  Additionally, there was no feedback 
given to the subjects before, during or after training to indicate performance, and thus guide 
learning.  Other limitations include the single session nature of this design, the limited intensity 
of training, and the wide range of functional abilities of participants in this study.  Future work 
should address these limitations.     
 Conclusion 
 The TPAD is a safe and feasible device to use in training for improvements gait 
symmetry in a population of chronic stroke survivors.  Future studies should consider 
implementing a multi-session treatment paradigm along with a training paradigm that offers an 
opportunity for the subject to play a more active role in the training.  Further, instructing subjects 
of the task goal to increase loading in the affected limb and giving feedback of their progress to 
achieve this goal are critical to implement in future work.  This could potentially lead to long-
term improvements in gait symmetry and overall improve walking ability in chronic stroke 
survivors.  
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G.  The exploration of two learning paradigms using the TPAD in individuals 
chronically post stroke 
Exploration of Two Training Paradigms Using Forced Induced
Weight Shifting With the Tethered Pelvic Assist Device to
Reduce Asymmetry in Individuals After Stroke
Case Reports
Lauri Bishop, PT, DPT, Moiz Khan, MS, Dario Martelli, PhD, Lori Quinn, EdD, PT,
Joel Stein, MD, and Sunil Agrawal, PhD
Abstract: Many robotic devices in rehabilitation incorporate an assist-as-needed haptic guidance paradigm to promote training. This error reduc-
tion model, while beneficial for skill acquisition, could be detrimental for long-term retention. Error augmentation (EA) models have been
explored as alternatives. A robotic Tethered Pelvic Assist Device has been developed to study force application to the pelvis on gait and
was used here to induce weight shift onto the paretic (error reduction) or nonparetic (error augmentation) limb during treadmill training.
The purpose of these case reports is to examine effects of training with these two paradigms to reduce load force asymmetry during gait in
two individuals after stroke (>6 mos). Participants presented with baseline gait asymmetry, although independent community ambulators.
Participants underwent 1-hr trainings for 3 days using either the error reduction or error augmentation model. Outcomes included the Borg
rating of perceived exertion scale for treatment tolerance and measures of force and stance symmetry. Both participants tolerated training.
Force symmetry (measured on treadmill) improved from pretraining to posttraining (36.58% and 14.64% gains), however, with limited transfer
to overground gait measures (stance symmetry gains of 9.74% and 16.21%). Training with the Tethered Pelvic Assist Device device proved
feasible to improve force symmetry on the treadmill irrespective of trainingmodel. Futurework should consider methods to increase transfer to
overground gait.
Key Words: Gait, Gait Symmetry, Robotics, Stroke
(Am J Phys Med Rehabil 2017;00:00–00)
C ommon characteristics of gait in individuals after stroke in-clude decreased loading and reduced time in stance phase
on the paretic limb resulting in both temporal and spatial
asymmetries in gait.1–11 Specifically, force asymmetries between
the two limbs or a decreased loading on the paretic limb leads
to a reduced propulsive force generated by the paretic limb
to advance the body forward during gait. This decreased
loading contributes to a reduced ability to modulate gait
speed, correlating with slower overall gait speeds,2,6–8 and
worsens with duration after stroke5 due to the development
and strengthening of compensatory strategies that rely pri-
marily on the strength and function of the nonparetic limb.
Moreover, compensatory strategies that perpetuate reduced
loading onto the paretic limb lead to further reduced time in
stance phase, which is shown to be a significant predictor of
walking performance.6,7
As a result, a critical goal of gait-based therapy in individ-
uals after stroke is frequently to reduce load asymmetries. This
is often accomplished by compelling or promoting weight
shifting onto the paretic limb in both static stance and during
gait, but this strategy has not been found more effective than
traditional overground gait training.12–15 Along with traditional
gait therapies, treadmill training at varying intensities and in-
clines, treadmill training with body weight support, and a num-
ber of robotic devices have been used to reduce asymmetries
(spatial, temporal, and load asymmetries) and/or increase gait
velocity in a poststroke population.16–37 Benefits of both
treadmill training with body weight support and robotic train-
ing include providing task-specific training17–19,22–25,29,33,34
at a higher intensity or greater number of steps per session
than are typically achieved in traditional overground gait
therapy.17,18,21–24,29,33,34 Furthermore, these therapies can
promote a greater reproducibility of the kinematics of stepping
than can be produced in overground training.17,31 However, on
direct comparison with traditional gait training paradigms, re-
sults are equivocal, and neither treadmill training with body
weight support nor robotic based training paradigms have con-
vincingly been shown to bemore advantageous than traditional
care models.18,19,21,23,24,27–33,35
A closer examination of robotic devices and the control
strategies driving robotic therapies could explain limitations
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to treatment efficacy. The most common control strategy
employed in robotic therapies is an active-assist based
model.38,39 Active-assist models seek to guide movement while
minimizing error (error reduction [ER]). This model can be ben-
eficial in the early stages of learning, because it provides the
learner with information about a “correct” or desired pattern that
can be used as a reference for future movements.40–43 However,
if this guidance is not reduced during training, then the learner
can become dependent on the guidance itself, which is ulti-
mately detrimental to retention.41–43 Alternatively, error aug-
mentation (EA) training models have recently been explored
as an alternative to ER to induce learning.44–49 These training
paradigms use learned compensatory strategies and apply per-
turbations to the system to augment or enhance error during
training. The learner produces an adaptive motor response to
correct for the perturbation received in the environment. Once
the perturbation is removed, the adaptive responses are carried
over, producing after effects that demonstrate a reformed
movement pattern.44–47,50,51 The implementation of EA train-
ing paradigms has most recently been used to reduce step
length asymmetries during gait, which transferred to improved
symmetry in overground walking in chronic stable individuals
after cortical stroke44–47; however, it has not been explored as a
means to reduce loading asymmetries in this population.
The Tethered Pelvic Assist Device (TPAD) has been de-
veloped at Columbia University to study novel aspects during
gait retraining on a treadmill.52–54 Due to the versatility in its
design, the TPAD is the first robotic device in the literature that
can be used to study how weight shift during walking can im-
prove gait in patients with hemiparetic stroke. The purpose of
this study was to explore these two training paradigms in two
individuals after stroke as a means to reduce load asymmetry
using a novel robotic gait-training device.
Case Description
Participant A was a 53-yr-old man who had a right-sided
hemorrhagic stroke 16 yrs before study entry and presented
with residual hemiparesis in his left upper and lower limbs.
He was able to independently ambulate in the community
and used a solid ankle foot orthosis (AFO) outdoors. His Func-
tional Ambulation Category classification was five, and his
mean (SD) baseline gait velocity was 0.789 (0.04) m/s. He oc-
casionally used a cane for ambulation in the community (e.g.,
with severe weather, in crowds).
Participant B was a 39-yr-old woman who had a left-sided
cortical ischemic stroke 3 yrs before study entry and presented
with residual right-sided hemiparesis. She was also able to in-
dependently ambulate in the community, but did not require an
AFO at home nor in the community, and reported no use of any
assistive device. Her Functional Ambulation Category classifi-
cation was six, and her mean (SD) baseline gait velocity was
1.29 (0.06) m/s. All study procedures were conducted at a
large, urban academic medical center. This study conforms to
all CARE guidelines and reports the required information ac-
cordingly (see Supplemental Checklist, http://links.lww.com/
PHM/A445). Procedures were reviewed and approved by the
Columbia University Institutional Review Board. These proce-
dures were explained to both participants, and written consent
was obtained before participation.
Device
The TPAD is a novel cable-driven robotic device that ap-
plies external forces on the pelvis through a series of actuated
tethers attached to a pelvic belt during gait on an instrumented
treadmill (Bertec Instrumented Treadmill).52,53 Embedded
three-dimensional force plates in the treadmill record ground
reaction force data. Figure 1 shows the different components
of the TPAD. Details on its design and control can be found
in previous work.52,53
Briefly, four motors are mounted on an inertial rigid frame
and connected through cables to a fabric pelvic belt (climbing
harness from Black Diamond Equipment, Utah) worn by the
subject. The tension in each cable is measured in real time
and a closed-loop controller ensures delivery of the correct ten-
sions in the motors. A ten-camera motion capture system
(Vicon Bonita-10 series) and the force plates are used as a part
of the controller. The motion capture system is used to track the
cable attachment locations. In this way, a suitable cable tension
FIGURE 1. Schematic of TPAD with visual feedback.
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value can be applied at eachmotor such that a resultant force of
amplitude proportional to the subject's body weight is applied
to the pelvis in the desired direction. Force plates are used to
calculate the vertical ground reaction forces (Fz). The control-
ler is implemented on a Labview, (National Instrument, PXI
real-time system). Tethers can be arranged in a variety of con-
figurations to achieve the desired force trajectory for a speci-
fied task goal.
For this experiment, four tethers were diagonally attached
in the horizontal plane (left/right anterior, left/right posterior)
to the pelvic belt, and anterolateral forces equal to 10% of the
participants' body weight were ramped up/down in a trape-
zoidal profile along the paretic limb (ER paradigm) or the
nonparetic limb (EA paradigm) from heel strike to mid-stance,
in an effort to either reduce or enhance load forces during the
stance phase of gait. The force followed a horizontal vector
in the transverse plane, from the center of the pelvis to the po-
sition of the ankle, assisting the pelvis over the ankle. Online
visual feedback was given on a monitor in the form of a bar
graph representing vertical load forces applied through the pa-
retic limb in real time. A line on the monitor represented the
target goal (average vertical forces in the nonparetic limb mea-
sured throughout gait recorded during the baseline period), and
participants were asked to reach the target by increasing load-
ing in the paretic limb and maintain the bar as long as possible
in this position (Fig. 1).
Procedures
Both participants completed 2 days trialing each (ER or
EA) control strategy. On day 1 of training, participant A re-
ceived training in the ER paradigm and participant B in the
EA paradigm. On day 2, participant A received EA and partic-
ipant B received ER training. Treatment order was determined
by random assignment. Responsiveness to intervention was
assessed on the basis of gains in load force symmetry. Symme-
try was calculated from baseline to posttraining on both days
for each participant. Based on responsiveness to the individual
control strategy, each subject was assigned into either the ER or
EA treatment group and underwent an additional three consec-
utive days of training in the respective group. Participant A
showed higher gains in load force symmetry in the ER condi-
tion (8.7% gain, as opposed to a 6.1% change in the EA condi-
tion), and participant B during the EA condition (16.0% gain,
as opposed to a 13.6% change in the ER condition). Thus, par-
ticipant A was assigned to receive subsequent training in the
ER condition, and participant B in the EA condition. Both par-
ticipants completed an additional 3 days of training (days 3, 4,
and 5) in their assigned training group in subsequent days after
treatment group assignment. Measures of perceived exertion
using the Borg rating of perceived exertion scale (Borg) were
taken before initiating treadmill training, after completion
of baseline training, again after completing tethered training,
and lastly after completing the posttraining period.
Each day, participants were outfitted with reflective
markers and assisted onto an instrumented treadmill. The
treadmill was initiated and speed increased by 0.1-m/s inter-
vals. Participants were asked to report at what speed they felt
able to continue for the hour-long training. A licensed physical
therapist was present and confirmed that the self-selected
speed would be safe for participation. Load forces (Fz) were
recorded in static stance and during 5 min of gait on the tread-
mill at the participant's self-selected gait speed (baseline).
The treadmill was then stopped, and force tethers were at-
tached to the pelvic belt in the configuration described previ-
ously. The treadmill was restarted at the self-selected speed,
and participants completed 40 mins of training. The treadmill
was stopped again, force tethers removed, and participants
completed an additional 10 mins of gait (posttraining) with-
out additional forces. Load forces were recorded again during
the posttraining period. Symmetry ratios of load forces were
calculated (paretic/nonparetic limb) for both baseline and
posttraining time points. Percentage of change was also cal-
culated ((posttraining – baseline)/baseline 100) for load force
(Fz) symmetry from baseline to early posttraining (mea-
sured during the first minute in posttraining [PT1]) and
baseline to late posttraining (measured during the last minute
in posttraining [PT4]) for both participants A and B. Because
participant B did not use any assistive device nor AFO and par-
ticipant A did not typically use an assistive device (e.g., cane)
for indoor ambulation, nor did he wear his AFO inside the
home; therefore, neither the AFO nor the canewas used during
assessment or training.
Overground measures of gait were taken before and after
treadmill training on each day of treatment using the APDM
inertial sensors55 during a series of three 10-meter walk tests.
These measures included the following: (1) percentage of time
in stance phase of gait cycle, (2) percentage of time in swing
phase of gait cycle, (3) stride length, and (4) stride velocity.
Symmetry ratios (paretic/nonparetic limb) were calculated for
each of thesemeasures each day both before and after the tread-
mill training. Percentage of change ((posttraining – baseline)/
baseline  100) for each of these overground measures was
calculated for each participant (A and B) over the course of
the multiday training period.
RESULTS
The maximum level of perceived exertion achieved for
participant A was three, four, two, three, and two on the Borg
scale measure on each of the five training days, sequentially.
All maximum levels were reached on completing the tethered
portion of treadmill training. Participant B reached maximal
perceived exertion ratings of three on the Borg scale for all
5 days of training. This was consistently reported on comple-
tion of the tethered portion of treadmill training. Neither partic-
ipant experienced any adverse event during study participation.
Gains were noted in load force (Fz) symmetry over the
course of the multiday training from baseline to early post-
training for both participant A (36.58% gain) and Participant
B (14.64% gain). These improvements were maintained through-
out the posttraining period for both participants. In detail, partici-
pant A sustained a 38.15% gain from baseline to late posttraining,
and participant B a 13.32% gain from baseline to late post-
training (please refer to Table 1 and Figs. 2A, B).
Participant A demonstrated improved symmetry in both
percentage of time spent in stance phase (9.74%) and percent-
age of time spent in swing phase of gait (16.80%). Minimal
change was noted in stride length (1.21% change) and stride
velocity (1.40%) with training. Participant B also showed im-
provements in stance and swing time symmetry (16.21% and
Volume 00, Number 00, Month 2017 Reducing Gait Asymmetry With the TPAD
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16.62%, respectively) with training. Again, minimal changes
in symmetry were noted in stride length (2.49%) and in stride
velocity (2.63%) with training (Table 2). In addition, participant
A demonstrated gains (27.18%) on 10-meter walk test
time. In contrast, participant B showed a decline (−6.11%)
in 10-meter walk test time.
DISCUSSION
Similar to previous studies using the TPAD for train-
ing,52,53 both participants in the current study altered loading
forces in response to forces applied by the TPAD. Furthermore,
both participants were able to maintain these changes from
early to late posttraining on the treadmill. The design of the
TPAD renders it an ideal tool to be used to implement weight
shift training to promote improvements in load force symme-
try. Irrespective of training paradigm, both participants were
able to respond to TPAD training forces and increase loading
into the paretic limb after training and thus improve symmetry
in limb loading during gait. There were no clear differences be-
tween the two training paradigms (ER and EA) in terms of load
symmetry benefit. Furthermore, despite improvements in load
symmetry on the treadmill with both training paradigms, these
gains had limited transfer to improved symmetry in overground
walking parameters (specifically in percentage of time spent in
stance phase of gait).
Skilled learning is achieved when the motor behavior is
attained and consistently produced over a time that outlasts
the interval of acquisition.50,56 Adaptation is usually quickly
acquired in individuals after stroke; however, often after effects
are short lived.50,57,58 The use of EA models has recently been
successful at not only achieving more symmetrical stepping
but also demonstrating the ability to transfer this skill to
overground gait with retention over time.44,45 The training
model used in these studies offered short bouts of treadmill-
based training with stints of overground training immediately
after the treadmill for each single session with sessions re-
peated for an extended period of training. Given the short du-
ration of the current study and the mass practice-based
design on the treadmill with no overground training compo-
nent, it is possible that the training paradigm in the current
study was not optimized for maximal success of the EA
TABLE 1. Symmetry ratios and percentage change of load force as
measured on the treadmill from baseline to early posttraining
(PT_early) and to late posttraining (PT_late) for both participants
Participant A Participant B
Mean
Symmetry Ratio % Change
Mean
Symmetry Ratio % Change
Baseline 0.46 0.75
PT_early 0.62 36.58 0.86 14.64
PT_late 0.63 38.15 0.85 13.32
FIGURE 2. Load force (Fz) symmetry from Baseline to early posttraining (PT1) throughout posttraining to late posttraining (PT4) for each day of the
multiday training for participant A (A) and participant B (B).
TABLE 2. Symmetry ratios and percentage change of overground
gait measures (% time in stance phase, % time in swing phase,
stride length and stride velocity) from pretraining to posttraining for
both participants
Stance Swing Stride Length Stride Velocity
Participant_A_pre 0.74 1.68 0.98 0.98
Participant_A_post 0.81 1.40 0.96 0.96
% change 9.74 −16.80 −1.21 −1.40
Participant_B_pre 0.83 1.32 0.96 0.96
Participant_B_post 0.97 1.10 0.98 0.98
% change 16.21 −16.62 2.49 2.63
Bishop et al. Volume 00, Number 00, Month 2017
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training model. To maximize transfer of treadmill-based inter-
ventions to overground, future studies should consider inte-
grating an overground component into training, reinforcing
skills gained on the treadmill.
Furthermore, EA training models in gait have been suc-
cessful at minimizing step length asymmetries; however, these
models have not been previously used in reducing force
asymmetries. Explicit learning is related directly to achieve-
ment of the task goal, occurs on a level of awareness for the
learner, and usually involves spatiotemporal parameters of
the task. In contrast, implicit learning processes typically occur
subconsciously and involve the manipulation of forces to
achieve the task goal.56 Although explicit learning can occur
rapidly (a shared characteristic with adaptive training50,57,58),
implicit learning results are seen over time with practice.56 It
is possible that because the focus of this training was to reduce
force asymmetries (an implicit process), EA paradigms aimed
at driving adaptationmay not be an appropriate model for force
training, and thus, transfer effects could be limited even with
optimization of the treatment paradigm.
Error reduction training paradigms, as commonly used in
the robotics literature, have also promoted improvements after
training.29–33 Although persons after stroke retain the ability to
learn new skills,50,57 this process requires more time than
healthy individuals.57 A benefit of the ER training model is
that guided assist has been shown to be beneficial in the initial
stages of learning41–43 during skill acquisition. A drawback is
that if guided assistance is not reduced during practice (once
the learners have established the outline of the movement pat-
tern), they can develop a dependency on the guidance itself,
which is detrimental to long-term retention of the task.41–43 It
also is plausible that given the increased time required for skill
acquisition in the poststroke population, ER models are indeed
beneficial to promote skilled learning and can potentially result
in transfer effects to overground. However, training with these
paradigms would require an increased amount of practice to
enhance the robustness of the internal model and then a gradual
reduction of guidance to promote retention and transfer. The
work presented here did not fade feedback for neither the
guided forces nor the visual feedback components over the
course of the training. Future work should consider fading
feedback (forces, visual feedback, or both) over the course of
training to maximize benefit.
In conclusion, despite the limited transfer to overground
walking, both training paradigms were sufficient to improve
force symmetry on the treadmill, which was maintained even
with removal of the guided forces. Limitations of this study in-
clude the limited number of training sessions that were pro-
vided and the lack of fading feedback modes over the course
of training. Additional limitations include the presence of only
a single participant in each group. No definitive conclusions
can be drawn from single cases. Future studies should consider
recruiting a larger sample of participants in each group and fad-
ing feedbackmodes over the course of an extended training pe-
riod to directly compare treatment effects between the two
groups and for sample size calculations for larger, randomized
controlled trials. Furthermore, implementation of an overground
training component to reinforce skills acquired on the treadmill
has been effective at promoting transfer to overground im-
provements in other treadmill training paradigms to reduce
asymmetry.44,45 Future work should also consider adding
this component to a study design to improve transfer to
overground walking.
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